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“Le livre, comme livre, appartient a` l’auteur, mais comme pense´e, il
appartient – le mot n’est pas trop vaste – au genre humain. Toutes les
intelligences y ont droit. Si l’un des deux droits, le droit de l’e´crivain
et le droit de l’esprit humain, devait eˆtre sacrifie´, ce serait, certes, le
droit de l’e´crivain, car l’intreˆt public est notre pre´occupation unique,
et tous, je le de´clare, doivent passer avant nous.”
Victor Hugo, Extrait du discours d’ouverture du congre`s litte´raire in-
ternational de 1878.
“The book, as a book, belongs to its author, but as an idea, it belongs
– and I am not overstating – to mankind. Any self-conscious being is
entitled to it. If any of the two rights, the right of the writer and the
right of mankind to acquire knowledge, should have to be sacrificed,
it would be, admittedly, the right of the writer, because the public
interest is our foremost concern, and all, I declared, must prevail over
us [authors].”
Victor Hugo, Extract of the opening speech of the international
congress on literature in 1878.
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Abstract
Mudrocks (or stiff clays) cover much of south-east England. These materials were de-
posited from the Triassic to the Eocene in various marine environments. They have been
submitted to complex sedimentation and post-sedimentation processes, resulting in the
development of a wide range of micro and macro structures. Despite their engineering
significance, advanced experimental investigations of their properties are limited. From
2007 to 2012, an Imperial College research project investigated the structure and me-
chanical properties of British mudrocks with the help of advanced laboratory testing.
As part of this project, the research presented here focused on the stiffness and shear
strength anisotropy of mudrocks in relation to their structure. Three UK mudrocks,
deposited from the Jurassic to the Cretaceous, were selected for this project: Oxford
clay, Kimmeridge clay and Gault clay.
High quality block and rotary cored samples were tested in two Hollow Cylinder
Apparatus (HCA), which control independently four stress parameters, among which
the intermediate principal stress factor (b) and the orientation of the major principal
stress (α). The present study concentrated on the effects of α on the stiffness and
strength properties. A set of six tests was performed on each soil: specimens were re-
consolidated to their estimated in-situ stresses before being sheared undrained at various
α values while controlling b. The results were interpreted together, taking account of
an earlier comprehensive study on London Clay (Nishimura, 2006; Anh-Minh, 2007).
The α value was found to affect both the strength and stiffness properties, at vari-
ous degrees for each mudrock. While the considered constitutive model influences the
recorded degree of shear strength anisotropy, a good correlation was observed between
the latter and the micro-structure anisotropy, as quantified by Wilkinson (2011)’s as-
sociated work. Qualitative assessment also revealed the strong influence of the macro-
structure on the strength anisotropy.
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Nomenclature
α Angle between the vertical and the direction of σ1
αdσ Angle between the vertical and the direction of ∆σ1
βd Angle between the vertical and the direction of ∆1
η Viscosity
γ Shear strain
γm Unit weight
µ Poisson’s ratio
ω Angular frequency ω = 2pif
φ′pr Post-rupture angle of shearing resistance
φ′p Peak angle of shearing resistance
φ′r Residual angle of shearing resistance
ρ Bulk density
σ Normal stresses
σ′h Horizontal effective stress
σ′v Vertical effective stress
σ1 Major principal stress
σ2 Intermediate principal stress
σ3 Minor principal stress
τ Shear stress
ε Normal strain
ε1 Major principal strain
ε2 Intermediate principal strain
ε3 Minor principal strain
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Nomenclature
εd Deviatoric strain defined as
εd =
2√
6
√
(∆ε1 −∆ε2)2 + (∆ε1 −∆ε3)2 + (∆ε2 −∆ε3)2
εv Volumetric strain
A/W Air/Water
ACF Acceleration Calibration Factor
b Intermediate principal stress factor defined as b =
σ2 − σ3
σ1 − σ3
BGL Below Ground Level
Cvar Coefficient of variation defined as the ratio of standard deviation to the
mean
CPT Cone Penetration Test
CWR Cell Water Replacement
D Torsional damping ratio of the specimen
Da Torsional damping ratio of the active mass
Dp Torsional damping ratio of the passive system
Dr Torsional damping ratio of the reaction system
disp. Displacement
DMT Dilatometer Test
DOF Degree Of Freedom
DSC Direct Shear Cell
E Young’s modulus
e Void ratio
f Frequency
FEM Finite Element Method
FSAFEM Fourier Series Aided Finite Element Method
G Shear modulus
Gs Specific gravity
HCA Hollow Cylinder Apparatus
I =
∫
S
r2dS which gives: I =
pi
2
(r4o − r4i ) for hollow cylinder geometry
I.D. Sample Inner Diameter
IB Brittleness Index
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Nomenclature
ICP Inner Cell Pressure
ICRCHCA Imperial College Resonant Column Hollow Cylinder Apparatus
J =
1
6
√
(σ1 − σ3)2 + (σ2 − σ3)2 + (σ1 − σ2)2
J Rotational inertia of the specimen (in resonant column theory):
J =
∫
V
ρr2dV which gives: J = ρIH for hollow cylinder geometry
Ja Rotational inertia of the active mass
Jp Rotational inertia of the passive system
Jr Rotational inertia of the reaction system
K0 Earth pressure coefficient at rest: K0 =
σ′h0
σ′v0
at in-situ conditions
Ka Torsional spring constant of the active mass
Kp Torsional spring constant of the passive system
Kr Torsional spring constant of the reaction system
LBS Local Boundary Surface
LICHCA Large Imperial College Hollow Cylinder Apparatus
M Friction ratio at critical state
Ma Mega Annum equal to one million years (used to refer to date before
present)
Mark II ICHCA Mark II Imperial College Hollow Cylinder Apparatus
MCC Modified Cam Clay
My Million year (used for duration of epochs)
O.D. Sample Outer Diameter
OCP Outer Cell Pressure
OCR Over Consolidation Ratio defined as OCR =
σ′vmax
σ′v0
where σ′vmax: past
maximum σ′v and σ′v0: current σ′v
p′ Mean effective stress defined as p′ =
σ′1 + σ′2 + σ′3
3
pi Inner cell pressure
po Outer cell pressure
PWP Pore Water Pressure
q Deviatoric stress defined as q = σ′1 − σ′3
17
Nomenclature
RC Resonant Column
RCF Rotation Calibration Factor
RMS Root-Mean-Square
s =
σ3 + σ1
2
Sσ Stress sensitivity
Sr Degree of saturation
Ss Swelling sensitivity
St Strength sensitivity
Su Undrained strength
SBS State Boundary Surface
SEM Scanning Electron Microscope
SS Simple Shear
Std. Dev. Standard Deviation
t =
σ3 − σ1
2
TCF Torque Calibration Factor
TTA True Triaxial Apparatus
TXA Triaxial Apparatus
Vp Voltage of the peak
Vrms Voltage as a RMS, for a sinusoidal voltage defined as
Vrms =
√
1
T
∫ T
0
Vp sin2
(
2pi
t
T
)
where T= period of the sinusoid
V C Volume Change
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Chapter 1
Introduction
Mudrocks are sedimentary geo-materials composed principally of fine grains. They cover
a large part of the Earth’s surface and about 50 % of the southern UK (Wilkinson, 2011),
as shown in Figure 1.1. They underlie many important transport routes and industrial
facilities in the UK, and many of the UK largest cities are built on them.
1.1 Background
Due to their importance, mudrocks have been extensively studied in UK. However, most
of these studies focused on the single most important geological formation, the London
clay. The properties of London clay have been intensely investigated since the early
1950s (Bishop et al., 1965).
Among other points, many experimental studies on natural London clay highlighted
the strong anisotropy of the material, starting with Ward et al. (1965). A material is
anisotropic when its properties are directionally dependent. Soils are known to exhibit
diverse degrees of anisotropy in terms of stiffness, shear strength, permeability, etc. Since
the 70s, numerous studies have demonstrated that anisotropy in shear strength (Bjerrum
(1973), Jardine & Menkiti (1999), Zdravkovic & Jardine (2000) and Zdravkovic & Potts
(2000) among others) and stiffness (Jardine (1995), Zdravkovic & Jardine (1997), Hight
et al. (1997) and Kuwano & Jardine (2002) among others) greatly affects the behaviour
in engineering problems.
Earlier studies have demonstrated the necessity of experimental investigations of the
strength and stiffness anisotropy of geotechnical materials. However, testing equipment
had to be improved to allow accurate and detailed determination of the stiffness and
shear strength anisotropy of mudrocks. At present, investigations of the small strain
stiffness and strength anisotropy of stiff UK clays other than London clay are still limited
(Burland et al., 1977; Pierpoint, 1996; Pennington, 1999).
Control of the direction of principal stresses is a key element to the experimental
investigation of the strength anisotropy of a soil. Indeed, most common geotechnical
problems, such as the construction of embankments, deep excavation, tunnels etc., im-
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pose changes in the direction of principal stresses. For example, a numerical simulation
of the construction of a multi-stage embankment performed by Jardine & Smith (1991)
showed that the major principal stress axe of elements of soil situated below the em-
bankment and away from the center line rotates continuously during the process, as
illustrated in Figure 1.2. For an anisotropic material, such changes in the direction of
loading would affect the strengths mobilised by any locally failing soil, or indeed any
overall collapse.
Apparatus used commonly in geotechnical laboratories for the investigation of strength
properties have either fixed directions of principal stresses (triaxial apparatus for exam-
ple), or limited and imprecise control of the directions (such as the direct shear box or
simple shear appparatus). Specific equipments were developed in the 70s and 80s to
overcome this difficulty, among which the two main ones are the Hollow Cylinder Ap-
paratus (HCA) and Directional Shear Cell (DSC) (Saada & Townsend, 1981). A very
limited number of studies with such apparatus has been reported on natural soft clays
(Lade & Kirkgard, 2000; Albert et al., 2003; Porovic, 1995; Leroueil et al., 2003). Even
fewer studies have been published for stiff clays (Hight et al., 1997).
A project conducted at Imperial College between 2003 and 2007 studied extensively
the properties of London clay samples from the construction site of Heathrow Terminal
5. Anisotropic properties in terms of stiffness and strength were investigated with ad-
vanced laboratory techniques, including triaxial cells equipped with local instruments
and bender elements, and two types of HCAs (Gasparre, 2006; Nishimura, 2006; Anh-
Minh, 2007; Gasparre et al., 2007a,b; Nishimura et al., 2007). While this project was one
of the first systematic investigations of the properties of a stiff clay involving HCA stud-
ies, it concentrated on a single material, and the lack of information on the behaviour
other UK mudrocks remained.
1.2 Objectives
A new project was launched in 2007 at Imperial College to investigate the properties of
other UK mudrocks with advanced laboratory techniques. Four stiff clays were selected
(from the oldest to the youngest): Lias clay, Oxford clay, Kimmeridge clay and Gault
clay. However, it was possible to obtained high quality samples (rotary core or blocks)
for laboratory testing only for the last three soils, so that the work presented in this
thesis focused on these clays.
Three PhD candidates contributed to the project, including the Author. The micro-
structure of the clays was investigated by Wilkinson (2011) using Scanning Electron
Microscope (SEM) imaging techniques, looking in particular at the anisotropy of the
micro-structure by considering the orientation of the particle long axis. Wilkinson (2011)
also considered the geological context of the mudrocks relating it to their structure and
mechanical behaviour. One investigation of the mechanical properties was performed by
Hosseini Kamal (2012). His work concentrated on studying the compressibility, shear
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strength and stiffness properties in high pressure triaxial cells, oedometers and advanced
triaxial cells equipped with local instrumentation and bender elements (Hosseini Kamal,
2012). Both the natural and reconstituted materials were investigated, and compared
in his study.
In view of the current knowledge on UK mudrocks, and of the studies performed by
co-workers on the same project, the main objectives of the Author’s research were set
as followed:
1. Experimental study and characterization of the anisotropy of the three natural
mudrocks, in terms of both stiffness and strength with the help of two HCAs.
2. Comparison of the behaviour of the three mudrocks, along with data on London
Clay from the Heathrow Terminal 5 project.
3. Investigation of the relationship between the mechanical and structural (both in
terms of macro and micro-structure) anisotropy.
4. Investigation of the possible links between geological factors such as age, deposi-
tional environments, stress history, etc. and the mechanical anisotropy.
Concerning the first objective, due to restriction in time and equipment, the research
concentrated on the investigation of a single sampling horizon for each soil, which was
chosen at about 10 m depth so as to avoid the weathered material close to the surface.
As the elastic stiffness anisotropy was investigated by stress probes and bender element
tests in triaxial cells by Hosseini Kamal (2012), the Author’s study focused more on
the strength anisotropy. The third and fourth objectives involved making used of the
parallel investigation performed by Wilkinson (2011).
1.3 Thesis layout
This thesis is divided into eight chapters, the first being this introductory chapter.
Chapters 2 and 3 present a review of the current knowledge on the behaviour of
natural stiff clays. Chapter 2 details general information obtained from worldwide stud-
ies on pre-failure behaviour, shear strengths and post-failure behaviour. In particular,
it reviews the experimental data available on the strength anisotropy of fine grained
materials. Chapter 3 focuses on the three specific soils tested in this project: Oxford,
Kimmeridge and Gault clays. Their behaviour, as reported in the literature, is noted as
well their geological context within the UK. The properties of the soils at the sampling
sites are also specified.
Chapter 4 details the properties of the equipment used for testing. It starts with a
theoretical background on the interpretation of HCA tests, and the drawbacks linked
to the presence of non-uniformities in the sample. It then moves on to the technical
description of the two apparatus used in this research, analysing their suitability for the
intended tests, in terms of capacity of the loading system and precision of the instru-
mentation. In the last part of the chapter, the same approach (theoretical description
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followed by the technical specification) is applied to the resonant column system used in
one of the apparatus to measure dynamic shear stiffness.
Chapter 5 describes the methodology of the experimental work. The first part of the
chapter concentrates on the process of sampling and sample preparation, evaluating the
possible disturbance occasioned to the material. The testing scheme and methodology
are then specified. Finally, the quality of the tested samples is evaluated based on a
range of criteria.
Chapter 6 focuses on the behaviour observed during the pre-failure stage of each
test. The findings are detailed for each mudrock separately first. The results are then
integrated in a comparison between the three soils that also considers the behaviour
of the London clay from the Heathrow Terminal 5 project. The stiffness behaviour is
studied, from the small strain range up to the beginning of strain localisation, looking at
the stiffness degradation patterns as well as the anisotropy. The HCA data are compared
with the results obtained by Hosseini Kamal (2012) in triaxial cells.
Chapter 7 discusses the behaviour from the onset of strain localisation, considering
the peak and post-failure properties. Again, the case of each soil is considered inde-
pendently before being compared with the others and analysed in the last part of the
chapter. It details the stress-strain behaviour as well as the observed strength aniso-
tropy. The observed patterns of strain localisation are also analysed in conjunction with
the strength anisotropy. The last section of the chapter also discusses the quantification
of the shear strength anisotropy, and its relationship with the macro and micro-structure
of the soils.
Finally, Chapter 8 concludes the thesis by summarising the main findings and by
suggesting some topics and priorities for further work.
Appendix A is also included, which summarizes the new method developed during
this research to calibrate the resonant column system.
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Figure 1.1: Map of the mudrock outcrops in southern England, including also British
cities and main transport networks (modified from Wilkinson (2011))
35
1. Introduction
Figure 1.2: Rotation of σ1 axes during the construction of an embankment on soft ground
based on a numerical analysis by Jardine & Smith (1991) (a) locations of five points (b)
variations of α at those locations (after Zdravkovic & Jardine (2001))
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Chapter 2
Background review of stiff clay
behaviour
The present research aims to investigate the mechanical response of three heavily over-
consolidated and geologically old UK clays, focusing on their anisotropy. In this context,
this chapter considers the current knowledge of the properties of natural stiff over-
consolidated clays. It focuses on the main characteristics of their behaviour from the
perspective of the design of a laboratory study on this type of geomaterial. The first
part of this chapter reviews pre-failure behaviour while the second concentrates on the
behaviour at large strain. It considers the definition of shear strength in a stiff clays,
and the factors affecting its measurement. The final section focuses on anisotropy in
clays.
2.1 Pre-failure behaviour
Analyses of soil behaviour prior to the 80s often considered soil response to be linear
isotropic elastic until it reached a yielding point at relatively large strain and became
elasto-plastic. However, subsequent improvements in laboratory techniques proved that
the pre-failure behaviour is primarily highly non-linear and that the linear elastic zone
is limited to very small strains (Daramola, 1978; Costa-Filho, 1980; Jardine et al., 1984;
Tatsuoka & Shibuya, 1992). The yielding of soils is also a progressively plastic phe-
nomenon with the particle contacts and soil structure being gradually modified by the
changing load.
2.1.1 Yielding model
Although the yielding is gradual, it is useful to consider whether points where the stress-
strain behaviour undergoes significant changes can be identified. To represent this be-
haviour, multiple kinematic sub-yielding surfaces were introduced (Dafalias & Popov,
1965; Mroz, 1967) and implemented into various mathematical models. Jardine (1992)
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proposed an experimentally based framework for the yielding behaviour based on a sys-
tem of three different zones, enclosed by three yield surfaces, as presented in Figure 2.1.
Zone I The first zone, enclosed by the Y1 surface, corresponds to linear elastic be-
haviour. The surface is dragged around by the movement of the effective stress point
once engaged. The response becomes elastic again if the stress path changes direction
and re-enters the zone. Jardine (1992) speculated that in this region the particle contacts
are elastic and that relative movement between particles is negligible.
As stated before, this zone is usually very limited in size and can only be resolved
experimentally by using very high resolution local instrumentation. Laboratory testing
of natural clays with such instruments have shown it to be limited to stress changes that
keep deviatoric or volumetric strains below 10−4 to 10−3 % (Clayton & Heymann, 2001;
Rolo, 2003; Gasparre et al., 2007b). This corresponded to stress changes of 1 to 2 kPa
in the London clay samples tested by Gasparre (2006).
Zone II In the zone enclosed by Y2, behaviour becomes non-linear and non-elastic.
Jardine (1992) first postulated, based on early experimental results for clays, that the
strains developed within Y2 were hysteretic but recoverable. However, subsequent works
with higher resolution sensors indicated that limited plastic irrecoverable strains are
developed within Zone II (Kuwano, 1999; Gasparre, 2006). Based on classical contact
mechanics, the hysteresis can be linked to micro-yielding and fretting at the particle
contacts (Jardine, 1992; Smith et al., 1992) and relative movement between particles is
still assumed to be small. Once Y2 has been engaged, the ratio of plastic to total strain
increasing rapidly as seen in Figure 2.1.
Smith et al. (1992), Kuwano (1999), Kuwano & Jardine (2002) and Gasparre (2006)
noted sharp changes in the direction of the strain increment vectors during drained prob-
ing tests, and in the gradient of the pore pressure-deviatoric stress curve in undrained
tests. They interpreted those as signs of engaging the Y2 surface. Tatsuoka et al. (1997)
noted that Y2 yielding also marked both the onset of strain rate dependency of stiffness
and an increase in the damping ratio seen in cyclic tests. Gasparre et al. (2007b) also
observed an increase in the rate of stiffness degradation at the onset of Y2 and an increase
in the dependence of stiffness on recent stress history. However, it is not clear whether
these criteria are all related to one another or fully mutually compatible.
For the stiff London Clay, Gasparre et al. (2007b) found the strain limits associated
with Zone II to range from 3 to 5 · 10−3 % deviatoric or volumetric strain, corresponding
to changes in mean effective stress or deviatoric stress of about 5 to 10 kPa. Gasparre
(2006) also found that the stress changes necessary to engage Y2 were dependent on the
mean effective stress level.
Zone III In this zone, plastic strains develop rapidly and the ratio of plastic to total
strain increases towards unity as the stress path approaches the enclosing yield surface
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Y3. Jardine (1992) speculated that it corresponds to the start of large scale particle mo-
tion relative to one another and of the breaking and reforming of load columns. Upon
reaching Y3, sharp changes in the stress-strain behaviour are observed, and significant
contraction, dilation or failure occur. Y3 corresponds to the classical geotechnical defi-
nition of yield. It is sometimes referred to as ‘gross yield’ (Hight et al., 1992; Cotecchia
& Chandler, 2000).
Bounding surface A bounding surface is defined as the surface separating attainable
stress states from impossible ones for a soil. Rendulic (1936) postulated that when the
stress parameters are normalised by an equivalent pressure p∗e, a unique bounding surface
exists for a particular soil. p∗e is the mean effective pressure on the intrinsic compression
line (ICL) corresponding to the current void ratio (see Section 2.2.2 for the definition
of ICL). Research by Gens (1982, 1985) showed that it is not the case for all soils.
Depending on the previous consolidation stress history, a variety of bounding surfaces
was obtained. Jardine (1992) termed these surfaces as Local Bounding Surfaces (LBS),
which correspond to the normalised Y3 surfaces. For a soil with a particular consoli-
dation history that has been subsequently unloaded, normalised drained and undrained
stress paths will stay within the boundary of its corresponding LBS (Gens, 1982, 1985;
Zdravkovic, 1996; Shibuya et al., 2003). The LBSs may only be modified by following
drained effective stress paths that engage Y3 surface and develop large volumetric strains
(Jardine, 1992; Shibuya et al., 2003).
The LBSs should be distinguished from the State boundary Surface (SBS). In a nor-
malised space, the SBS can not be crossed by any stress paths, and represents effectively
the separation between possible and impossible states. The SBS defines the envelope for
all possible LBSs. In natural soil, it depends on the large strain effective stress history
and on the soil structure (see Section 2.2.2) (Jardine, 1992; Leroueil & Vaughan, 1990).
2.1.2 Recent stress history
It is well known that the stress history of a soil, such as its large strain consolidation con-
ditions and any subsequent unloading, affects its behaviour. The kinematic yield surface
scheme presented above suggests that the behaviour at small strains (say 10−4 to 10−2
%) is also affected by the recent stress history, as the yield surfaces are dragged along
with the effective stress point. Several researchers have investigated the dependency of
small strain stiffnesses on recent stress history.
Atkinson et al. (1990) performed triaxial tests on reconstituted London Clay where
samples were brought to the same stress state via different approach paths and then
sheared along the same stress path, at either constant p′ or q. All the stress paths
remained well inside the SBS. The samples were held at a given ‘hold’ effective stress
point for relatively short durations over which creep straining was not allowed to stabilise
fully. The initial stiffnesses as well as the stiffness degradation curves seen in test stages
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that moved away from a given ‘hold’ point were found to be highly dependent on the
orientation of the approach stress path with regard to the outgoing one as seen on
Figure 2.2(a). The lowest stiffnesses were obtained for approach paths whose directions
coincided with the outgoing path. It should be noted that local instrumentation was not
used in their study and that any initial elastic stiffness could not be resolved with the
conventional ‘external’ strain measurement system employed.
Clayton & Heymann (2001) investigated the small strain stiffness of three natural
materials: the soft Bothkennar clay, the stiff London clay and Chalk. Specimens were
reconsolidated to their in-situ state in a triaxial apparatus and kept at this ‘hold’ point
for longer durations to minimise residual creep rates. Small stress probes were then
performed to study the effects of recent stress history. High resolution LVDTs were
used as local instrumentation. The initial elastic stiffnesses and the stiffness degradation
curves were found not to be affected by the recent stress history as shown in Figure 2.2(b).
This observation contrasts with the results of Atkinson et al. (1990). This may be
explained by the different testing procedure employed in each case. Atkinson et al.
(1990) performed stress excursions of 90 kPa in length (
√
(∆q)2 + (∆p′)2) with hold
periods of three hours between the probes. Those generated strain levels ranging from
0.1 to 1 %. However, Clayton & Heymann (2001) applied stress probes of only 9 kPa
magnitude, generating strain levels between 0.06 and 0.1 %. They also implemented long
rest periods between the stress probes, so that the residual rate of creep reduced to be
less than 2 % of the subsequently applied shear rate. In the former case, the stress paths
most probably engaged Y2 and progressed well into the zone III, developing significant
plastic strains and creep. Considering that the hold pauses were very short for a clay
material, it is likely that residual creep from previous excursions affected the following
stress path, as postulated by Clayton & Heymann (2001). In the latter, the extended
rest periods imposed minimized the effects of the interaction between residual creep and
shear. Clayton & Heymann (2001) concluded that provided that a sufficient period of
rest was allowed between stress changes, the initial elastic stiffnesses and the stiffness
degradation were not affected by recent stress history.
Gasparre et al. (2007b) reproduced those two procedures on samples of natural Lon-
don clay. To study the effect of creep, stress probes that did not engage Y2 were per-
formed with drained rest periods of either three hours or seven days. The ‘3 hours’ tests
showed clear effects of recent stress history on stiffness from very small strains while
the ‘7 days’ tests did not as shown on Figure 2.3. Stress probes extending over a stress
range of 100 kPa, that engaged and relocated Y2 were also applied, but with extended
pause periods being imposed to eliminate the effect of creep. The results, reproduced in
Figure 2.4, showed that under these conditions the stiffness response was affected by the
recent stress history despite the creep ageing. Gasparre et al. (2007b) concluded that if
the recent stress path stays within Y2, then the behaviour is not affected by recent stress
history as long as creep effects are eliminated by extended pause periods. However, if
the stress path engages Y2, the stiffness will be affected even after extended rest periods.
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Figure 2.1: Framework for kinematic yield surfaces (Jardine, 1995)
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(a) Atkinson et al. (1990) on reconstituted London clay
(b) Clayton & Heymann (2001) on natural Bothkennar clay
Figure 2.2: Experimental investigations on the effect of recent stress history on the
elastic stiffness of clays
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(a) with a 7-days pause for creep (b) with a 3-hours pause for creep
Figure 2.3: Tangent stiffness degradation curves of London clay for stress probes within
Y2 (Gasparre et al., 2007b)
Figure 2.4: Tangent stiffness degradation curves of London clay for stress probes that
extended well outside Y2, with pauses for creep between stages (Gasparre et al., 2007b)
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2.2 Failure and post-failure
This section concentrates on the behaviour of natural stiff clays once the Y3 surface has
been engaged, that is after ‘gross yield’. The effects of gross yield on the subsequent
behaviour are detailed as well as the factors affecting it.
2.2.1 Strengths in stiff clays
The most important engineering aspect of soil behaviour at large strains is the shear
strength. However, the shear strength has multiple possible definitions in stiff plastic
over-consolidated clays.
A typical stress-strain response for a plastic high OCR clay is presented in Figure 2.5:
there is a sharp rise of stress to a peak value followed by a rapid drop in strength.
This brittleness, also called strain-softening, is typical and was recognized by Skempton
(1964), Bishop (1967) and earlier workers. Burland (1990) and Burland et al. (1996)
noted that in drained or undrained triaxial compression tests, well defined slip surfaces
often start developing just after achieving peak strength. The shear strength along
those surfaces falls rapidly to relatively stable values, defined as post-rupture strength
by Burland (1990). This condition, which is mobilised after a relatively small amount
of displacement (less than a few millimeters), should be distinguished from the residual
strength which is the lowest possible strength reached after very large displacements
(tens to hundreds of mm) have occurred on a slip plane.
Lupini et al. (1981) specified three mechanisms for residual shear as shown in Fig-
ure 2.6:
Sliding As the soil is sheared, platy particles in the shear band re-orient to form
a polished sliding surface, resulting in low residual angle of shearing resistance φ′R.
This mode occurs in clay with a sufficiently high content of platy particles.
Turbulent In this case, there is no re-orientation of particles, and the behaviour
is governed by rotund particles ‘rolling’ on each other. This is usually the case for
soils containing high proportion of rotund particles. The strength is higher than
for the sliding mode.
Transitional When none of the two previous modes prevail, an intermediate mode
combining the two develops.
The type of mechanism mobilised in the shearing of a clay depends on the composition of
the clay particles as well as their coefficients of inter-particle friction. The sliding mode
often results in a φ′R which is substantially lower than the post-rupture value. Bishop
(1967) defined the the brittleness index IB quantifying the potential for strain-softening:
IB =
τpeak − τr
τr
(2.1)
where τ is the shear stress acting on the slip plane and subscript r indicates residual
value.
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Three different types of strength have been clearly identified: peak, post-rupture
and residual. In practical engineering problems, it is often difficult to determine which
of those is relevant for the studied problems and progressive failure analyses may be
required (Potts et al. (1990), Kovacevic et al. (2004) and Kovacevic et al. (2007) among
others).
2.2.2 Structure
This section reviews the notion of ‘structure’ in a natural clay and how it affects the
peak and post-rupture shear strength.
Definition
The structure of a soil is defined as the combination of ‘fabric’ and ‘bonding’ (Mitchell
& Soga, 2005):
Fabric refers to the spatial arrangement of the component particles. It therefore
consists of the distribution and orientation of particles as well as inhomogeneities
and layering (Gasparre & Coop, 2008). Some typical clay fabrics are illustrated in
Figure 2.7.
Bonding concerns the inter-particle forces which are not of a purely frictional
nature. Bonding may be of a solid nature but can also be linked to electrostatic,
electromagnetic, or other forces acting on inter-particle connections (Cotecchia &
Chandler, 1997).
In this definition, every soil possesses a structure. However, in the context of natural
clays, it is common to consider as ‘structured’ a natural clay whose structure differs
from its reconstituted ‘de-structured’ version (Leroueil & Vaughan, 1990). Burland
(1990) defined reconstituted material as soil which has been mixed at a water content of
1 to 1.5 its liquid limit without prior air or oven drying, and subsequently consolidated
under one-dimensional conditions. The properties of such a soil are considered to be
‘intrinsic’, that is to say that its properties are deemed to be independent of any special
structure created by nature. However, Fearon & Coop (2000) showed that depending
on the amount of energy input during the reconstitution process, variations may be
observed in the ‘intrinsic’ behaviour. The standard method proposed by Burland (1990)
may not fully destroy the micro-structure of some soils. Some residual aspects of the
structure of the natural clay, such as clay particle aggregations, may remain in this case.
It has also been noted that intrinsic properties may be influenced by the pore water
chemistry and organic content (Smith, 1992).
Classification of structure
The structure of a soil depends on the physical and chemical conditions experienced
thorough its entire history: from the sedimentation process up to its current conditions.
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During deposition, three main factors are known to affect the soil fabric: the rate
of deposition, the stillness and the chemistry of the water in which the deposition takes
place. Slow deposition in a still water environment leads to a more open and ‘sensitive’
fabric than for a soil deposited rapidly in an environment with strong currents (Burland,
1990). This initial fabric may be subsequently modified by numerous factors: overburden
pressure, biological activity, chemical reaction, tectonic stresses, freeze and thaw cycles,
etc.
Sedimentation and post-sedimentation structure Cotecchia & Chandler (2000)
classified soil structures in two types:
Sedimentation structure is the structure resulting solely from one-dimensional
consolidation process. It only applies to clays that are normally consolidated.
Post-sedimentation structure is generated by geological processes that may be
applied after one-dimensional consolidation has terminated, such as: mechanical
unloading, chemical bonding, diagenesis, weathering, frost disturbance, fissuring,
desiccation, etc.
The use of the term ‘post-sedimentation’ may appear misleading, as it suggests that the
geological processes are necessarily subsequent to the one-dimensional consolidation pro-
cess. This suggests that a normally consolidated clay can not have a ‘post-sedimentation’
structure. In reality, both phenomena are likely to occur at the same time. While a clay
with a sedimentation structure is necessary normally consolidated, the reverse is not true
as a normally consolidated clay may have developed some ‘post-sedimentation’ structure.
Also, any given sediment may be subjected to multiple cycles of consolidation (burial)
interspersed with unloading (erosion).
However, this distinction is actually based on the observed mechanical behaviour
rather than the processes. Clays referred as having a ‘sedimentation’ structure yield
upon reaching their past maximum overburden stress in oedometer tests. On the other
hand, materials with a ‘post-sedimentation’ structure yield at higher stresses than their
pre-consolidation pressures. While this distinction may be applicable to low OCR clays,
it appears more difficult to apply it to stiff clays where substantial uncertainties exist
on their maximum overburden stress (see Chapter 3 for examples).
Stable and meta-stable structure It has been observed that many natural clays
can exist in states outside of the SBS of their reconstituted counterparts (Leroueil &
Vaughan, 1990; Smith et al., 1992; Smith, 1992). For example a clay in its in-situ state
tends to support higher stresses than reconstituted samples that have been reconsoli-
dated one dimensionally to the same void ratio, as seen in Figure 2.8.
However, when they are loaded under laboratory tests or engineering project strain
rates, either in compression or shear, natural clays often reach gross yield and then follow
a rapid degradation of strength and stiffness as shown in Figure 2.8. It is considered
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that after yielding, the structure of the natural material is gradually destroyed with
increasing strain level and the soil behaviour tends to revert back to its intrinsic one
(Leroueil & Vaughan, 1990; Burland, 1990).
However, this is not always the case, as highlighted by the work of Coop & Cotecchia
(1995) on layered Sibari clays. In the same way as the remoulding process, for some clays
the mechanical loading cannot fully remove the structure, and the soil does not tend to
the intrinsic behaviour of fully mixed material. The part of the structure that degrades
was described as ‘meta-stable’ and associated with the breakage of bonding while the
other as ‘stable’ and linked to the fabric of the soil by Coop et al. (1995), Burland et al.
(1996) and Baudet & Stallebrass (2004).
Effects of structure on strength
As stated above, in many cases the presence of ‘structure’ in a natural clay gives it an
enhanced strength allowing it to exist outside of the state boundary surface of reconsti-
tuted clay. However, that is not systematically the case. In some cases, the conditions
at deposition or some subsequent geological processes may even generate a ‘negative’
structure, that is when the strength of the natural material is lower than the reconsti-
tuted one. Examples of ‘negative’ structure were observed by Lehane (1992) in glacial
tills and by Fearon & Coop (2002) on scaly clays, highly fissured marls and clay shales.
Weathering action is also likely to weaken the strength of the natural material. Chemical
weathering may create new large void spaces within the macro-fabrics of the material.
The ‘stable’ or ‘meta-stable’ nature of the structure also clearly affects the post-
peak behaviour. A soil with a high proportion of ‘meta-stable’ elements in its structure
is likely to exhibit a greater intial brittleness post-peak as the strength reduces with
the on-going destructuration process during shearing. As noted earlier, clay particle
re-orientation within the shear zones provides the main driver for brittleness after large
displacement.
2.2.3 Sensitivity framework
Frameworks have been developed to try to capture and normalise the effects of structure
on the behaviour of natural clay. The effects of structure are usually quantified by
comparing of the behaviour of the natural and reconstituted material.
Description
One first step in establishing a framework covering the behaviour of all clays is to remove
the influence of intrinsic composition of the soil, such as grading and mineralogy, and its
influence on the compressive behaviour. With this in mind, Burland (1990) introduced
the void index Iv:
Iv =
e− e∗100
e∗100 − e∗1000
(2.2)
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where
e is the current void ratio of the clay
e∗100, e∗1000 are the void ratio of the reconstituted material one dimensionally con-
solidated to a vertical stress of respectively 100 kPa and 1000 kPa.
This normalisation defines a unique Intrinsic Compression Line (named ICL) in the Iv
- log(σ′v) space, which allows comparison the behaviour of different reconstituted and
natural clays.
The difference between the enhanced strength of a natural soil with respect to the
remoulded one is called sensitivity. Several definitions have been proposed to quantify
the sensitivity of a soil:
Strength sensitivity St has been originally defined as the ratio of the undrained
strength of the undisturbed soil to the undrained strength of the reconstituted soil
at the same water content. Cotecchia & Chandler (2000) proposed a new definition:
the ratio of the undrained strength of a natural clay previously consolidated to
its gross yield pressure to the strength of the reconstituted material normally
consolidated to the same void ratio as the natural clay at gross yield. This is the
definition used hereafter: St =
qpeak
q∗peak
(see Figures 2.9 and 2.10).
Stress sensitivity Sσ Cotecchia & Chandler (2000) also defined the stress sen-
sitivity as the ratio of the vertical stress at gross yield for the natural soil during
one-dimensional consolidation to the vertical stress of the reconstituted material
normally consolidated to the same void ratio (see Figure 2.9).
Swell sensitivity Ss is the ratio of the intrinsic swelling index to the reconsti-
tuted one (Schmertmann, 1969): SS =
C∗s
Cs
.
Cotecchia & Chandler (2000) introduced the sensitivity framework for natural clays as
presented in Figure 2.10. The framework is based on the assumption that even if their
structures are widely different, clays of equal sensitivity exhibit similar behaviour which
can therefore be normalised by their sensitivity.
Based on experimental evidence from clays with sedimentation and post-sedimentation
structures, Cotecchia & Chandler (2000) postulated that for all practical purposes:
St = Sσ =
p′KOy
p∗KOy
=
p′iy
p∗iy
(2.3)
where pKOy and piy are the mean effective stress at gross yield in respectively one-
dimensional and isotropic compression (see Figure 2.10). This means that the intrinsic
and natural SBSs are assumed to be geometrically similar (Cotecchia & Chandler, 2000).
Moreover, the friction ratio at critical state M can be taken as a normalising parameter
to account for the effects of the soil composition on strength (Coop et al., 1995). Based
on those assumptions, clays of equal sensitivity share the same SBS in the Iv − q/M −
p′ space. By further normalizing for void ratio in the same way as it is done with
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reconstituted clay, using the equivalent pressure p∗e, and for sensitivity using St, a general
gross yield locus for clays is obtained in
q
MStp∗e
− p
′
Stp∗e
space.
Application to stiff clays
The sensitivity framework described above appears to be a useful tool for comparing
the behaviour of the three mudrocks tested in this research. However, several problems
are encountered when trying to apply this framework to highly over-consolidated stiff
plastic clays.
The experimental determination of the Sσ or St is an essential point. However,
the yielding of these stiff clays is usually a gradual process (Leroueil & Vaughan, 1990;
Burland et al., 1996). It is also necessary to reach very high stress levels to yield the
material, which are not always attainable with standard laboratory equipment. These
impair the accurate determination of Sσ or St for stiff clays. For example, Gasparre
& Coop (2008) highlighted the difficulty of determining Sσ from oedometer tests on
London clay from Heathrow Terminal 5.
Another problem is that this framework does not take into account the tendency of
stiff clays to generate early strain localisation and slip plane during shearing. Indeed, it
has been long noted that highly over-consolidated clays with medium to high plasticity
tend to rupture along well defined shear planes upon reaching their failure line in drained
or undrained tests (Vaughan, 1994). On the other hand, their low plasticity counterparts
are able to dilate (in drained tests) or increase their p’ values (in undrained tests)
and migrate towards critical state by sustaining progressively higher deviator stresses
(Burland, 1990). In the latter, the peak undrained strength depends on the initial void
ratio, the sensitivity and the intrinsic properties (Jardine et al., 2004). Their behaviour
is adequately represented by the sensitivity framework. This is not the case for the
medium to high plasticity material in which strain localisation occurs earlier so that the
strength reduces rapidly after reaching failure. The sensitivity framework does not take
into account the brittleness, which results from the processes of de-structuration and
particle re-orientation within the shear zones.
2.2.4 Macro-structure
As explained previously, ‘structure’ is a generic term that encompasses a large number
of elements. Those span over a wide range of scale: the arrangement of particles at
the micro-scale (micro-fabric), cementation, inter-particles bonding, etc. An important
component of the ‘structure’ is the ‘macro-structure’. It is constituted by the mass
characteristics observed at the macro-scale such as:
 Discontinuities which include fissures, beddings, joints, faults and desiccation cracks
(Wilkinson, 2011).
 Hard inclusions such as shells, minerals (such as pyrite), stones, boulders, roots.
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 Macro-fabric which includes laminations, sand/silt lenses in clay, variations in
gradings etc.
One macro feature commonly observed in stiff clays is the presence of discontinuities.
Many UK stiff clays are described as highly fissured, such as London clay (Skempton
et al., 1969; Hight et al., 2007) or Gault clay (Parry, 1988; Lings et al., 1991; Ng et al.,
1995; Marsh & Greenwood, 1995) among others.
Discontinuities are known to reduce the mass shear strength of the soils. In stiff
clay, the recorded strength along fissures often corresponds to the post-rupture one
(Calabresi, 1980; Burland, 1990). However, it may be lower if displacement has occurred
on the discontinuities, when it can fall as low as the residual value. As a results, the
determination of the operational strength of the stiff clays has been a difficult problem
for a long time (Georgiannou & Burland, 2001).
The brittle and fissured natures of stiff clays are linked to the phenomenon of pro-
gressive failure. This mechanism has been shown to be the source of first time slides in
stiff fissured clays as observed in the Selborne field experiments (Cooper et al., 1998).
Back-analysis of these medium-scale slides has often led to an operational strength close
to the post-rupture value (Chandler & Skempton, 1974). However, it has been argued
that progressive failure gives rise to a scale effect: small slides give higher average oper-
ational strengths and very large landslides lower values (Vaughan, 1994; Zdravkovic &
Potts, 2000). However, a slope may contain a pre-existing (tectonic or other) shear on
which large displacements have occurred in earlier mass movement events. In this case,
the operational strength may be closer to the residual value.
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(a) stress-strain
(b) strength
Figure 2.5: Schematic of the definition of shear strengths for stiff plastic clays (modified
from Jardine et al. (2004))
Figure 2.6: Illustration of the effects of different shearing mechanisms on the angle of
shearing resistance at critical state and residual (Skempton, 1985)
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Figure 2.7: Idealized clay fabrics from Sides & Barden (1971)
(a) One-dimensional consolidation (b) shear
Figure 2.8: Schematic for the idealized behaviour of a structured clay (modified from
Baudet & Stallebrass (2004))
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Figure 2.9: Definition of stress sensitivity
Figure 2.10: Idealized behaviour of a natural clay and its reconstituted counterpart in
the sensitivity framework (Cotecchia & Chandler, 2000)
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2.3 Anisotropy
An anisotropic material has physical properties that vary according to the direction
in which they are measured. It is well known that many soils exhibit an anisotropic
behaviour.
Anisotropy is often classified in two broad categories: induced and inherent as defined
by Casagrande & Carillo (1944). Induced anisotropy results from the application of
anisotropic stress or strain states to the soil. Even with an initially isotropic fabric,
anisotropic loading of a soil can modify the inter-particle stress distributions within a
geomaterial and probably the fabric as well, leading to anisotropic behaviour.
Inherent anisotropy is independent of the stress state applied and is considered an
intrinsic property of the soil. For natural clays, it is likely to be linked to the structure
developed during the sedimentation and post-sedimentation processes. However, this
structure may change as a result of, for example, the imposition of high stress levels
that re-orient the micro-fabric.
Both types of anisotropy contribute to the overall anisotropy observed in a natural
clay, and their individual influence can be difficult to separate. Anisotropy in natural
clay affects the behaviour from the small strains to large.
2.3.1 Strength anisotropy
The stress (or strain) state of an element of continuous material is fully described by six
parameters as presented on Figure 2.11: three normal stresses and three shear stresses
(or the three principal stresses and their orientations). Therefore, to investigate the
behaviour of an anisotropic material completely, the experimental equipment should
control independently six parameters. As many sediments are deposited under gravity
and experienced a broadly vertical compaction, the vertical axis is often taken as an axis
of symmetry. Properties are therefore assumed to be identical in all horizontal directions.
This assumption is called transverse anisotropy or cross-anisotropy. Such a symmetry
reduces the number of independent parameters necessary to explore the behaviour of
the material. Moreover, when dealing with geomaterials, the drainage conditions must
also be addressed: drained and undrained parameters are different.
While the cross-anisotropic model is convenient to represent soil anisotropy, it should
be noted that it is an ideal simple case. For example, the deposition may occur on sloping
ground or some post-deposition processes, such as glacial deposition, tectonic activity
or mass deformation (land-sliding), may result in the soil properties being anisotropic
in the horizontal plane.
When looking at the effects of the rotation of principal stress axes, it is usual in soil
mechanics to consider the parameter α, which is the angle between the direction of the
major principal stress and the vertical as presented on Figure 2.11. Similarly, the effects
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of the intermediate principal stress are represented by the factor b:
b =
σ2 − σ3
σ1 − σ3 (2.4)
The present section reviews first the available types of experimental equipment for
studying soil anisotropy, and secondly the experimental data reported in the literature
on the strength anisotropy of clays.
Experimental equipment for studying anisotropy
A wide variety of soil testing equipment has been developed to investigate anisotropy.
Some apparatus are described briefly below, focusing on their ability to rotate the di-
rections of principal stresses. More detailed reviews can be found in Saada & Townsend
(1981), Arthur (1988), Tatsuoka (1988), Menkiti (1995) and Zdravkovic (1996). Fig-
ure 2.12 summarises the performance of each type of apparatus.
Triaxial apparatus Triaxial cells are one of the most popular tools for studying soil
strength. However, the standard triaxial cell offers control of only two independent stress
variables. Also, only two combinations of α and b are available: in compression α and b
are null and in extension α =90◦ and b =1. To overcome this problem, early studies on
anisotropy involved testing cylindrical specimens sampled along inclined axis (Duncan &
Seed, 1965; Arthur & Phillips, 1975; Saada & Bianchini, 1977). However, the testing of
inclined samples generates bending moments and shear stresses at the boundary due to
the rigid platens, and consequently high non-uniformities in stress and strain conditions
(Saada & Townsend, 1981). Moreover, K0 conditions can not be applied in this case,
and therefore the behaviour of soils can not be investigated from their in-situ states.
This raises particular problems in stiff plastic clays whose shear strengths, as noted in
Section 2.2, depend critically on the effective stress state at the start of shearing.
Simple shear apparatus Several variants of simple shear device exist such as the
Cambridge Simple Shear Apparatus (Roscoe, 1953), the Direct Simple Shear appara-
tus developed by the Norwegian Geotechnical Institute (Bjerrum & Landva, 1966), the
Swedish Geotechnical Institute (Kjellman, 1951), or more recently the GDS Standard
Simple Shear (GDS Instrument, 2009). These rotate the principal stress axes during
testing. However, they are encumbered by high non-uniformities and poorly defined
stress states within the sample. They have no true control over, or measurements of, b
and α (Saada & Townsend, 1981; Menkiti, 1995).
True triaxial apparatus True Triaxial Apparatus (TTA) tests cubical or prismatic
samples (see Figure 2.13). Several types have been developed with combinations of rigid,
flexible and mixed boundaries. In such devices, b can be varied continuously from 0 to 1,
but α can only jump from 0◦ to 90◦. Strength failure envelopes obtained from TTA tests
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are often plotted in the octahedral plane, that is a plane of constant p′ in the σ′1, σ′2 and
σ′3 three dimensional stress space as presented on Figure 2.14(a). Such a space does not
give any indication of the anisotropy of the soil, as the directions of the principal stresses
are not considered. However, TTA results may be presented in an alternative octahedral
plane based on σ′v,σ′h1 and σ
′
h2. This gives limited information on the anisotropy of the
soil. Figure 2.14(b) shows the corresponding values of b and α in such a stress space.
Plane Strain (PS) apparatus involves similar conditions to the TTA tests, but with a
condition of zero strain along one of the three axes. In some PS tests, the σ2 response
is measured directly.
Hollow Cylinder Apparatus and Directional Shear Cell Only two types of de-
vice are currently able to control and measure the rotation of principal stress axes: the
Hollow Cylinder Aparatus (HCA) and the Directional Shear Cell (DSC).
The DSC consists of a cubical specimen with two opposite rigid faces that create
plane strain or stress conditions (Arthur, 1988). The remaining four faces are submitted
to a combination of normal and shear stresses via flexible membranes (see Figure 2.15).
It is therefore able to control the rotation of principal stress axes. Improvements to the
apparatus have also permitted to measure and control b, but within a strain range of
less than 1 % for 2 (Arthur et al., 1989). Also, problems of non-uniformity of stress and
strain are present within the samples. Those were estimated to be limited when using
sufficiently large samples for the behaviour to be uniform in the central part (Arthur
et al., 1989). However, the device presents some limitations, the main ones being: the
measurements of strain, and their control, are difficult as are pore pressure measurements
and drainage control (Menkiti, 1995).
In a HCA, rotation of the principal stress axes is controlled by applying torsion to
a hollow cylindrical specimen. Moreover, if the inner and outer cells are pressurized
independently, then the b value may be independently varied as well. The apparatus
is able to perform tests over a wide range of stress and strain, with full control of
drainage. The main disadvantage of the HCA is the presence of non-uniformities within
the sample. However, as discussed further in Chapter 4, the latter can be limited by
choosing appropriate specimen dimensions and stress conditions. When equal inner and
outer pressures are imposed, b and α are linked by the following relationship:
b = sin2(α) (2.5)
The following section concentrates on reviewing the results of clay tests with HCA,
DSC and TTA devices.
Tests on reconstituted clay and silt
The effects of imposing various b and α combinations in tests on reconstituted clays that
have followed K0 consolidation have been studied using a variety of apparatus.
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Figure 2.16 presents the variation of peak undrained strength Su and angle of shear-
ing resistance φ′ with the orientation of principal stress. These are the results from series
of tests on silt and clay-sand mixtures performed with HCAs at Imperial College London
by Menkiti (1995), Zdravkovic (1996), Jardine & Menkiti (1999) and Zdravkovic & Jar-
dine (2000). Similar results were obtained at MIT with normally and over-consolidated
Boston Blue Clay tested in a DSC, as presented in Figure 2.17 (Whittle et al., 1994).
Both figures display a typical trend of reducing Su with increasing α. Similar behaviour
is observed in terms of φ′ although the variation are smaller and the trend less clear.
Hong & Lade (1989a,b) performed HCA tests on reconstituted Edgar Plastic Kaoli-
nite (EPK). The clay was found to exhibit little anisotropy, and the strength response
could be represented fairly well with an isotropic model, as shown in Figure 2.18. How-
ever, it should be noted that they imposed equal inner and outer pressures during their
tests, and therefore the influence of b and α could not be separated.
Prashant & Penumadu (2004, 2005, 2007) conducted series of tests on normally
consolidated and over-consolidated kaolin clay with a TTA. In both cases, the Su as
well as φ′ varied substantially with b. The variation could be modelled using a criterion
similar to the one proposed by Lade (1990).
Tests on natural clay
Test series on natural undisturbed clays with HCA, DSC or TTA are limited, probably
due to the difficulty of preparing natural samples, and the length of time involved in
clay testing.
Soft clay Early studies mainly concentrated on soft low OCR clays.
Kirkgard & Lade (1993) and Lade & Kirkgard (2000) presented the results of HCA
and TTA tests on soft San Fransisco Bay mud. The TTA and HCA samples were both
one-dimensionally consolidated to a σ′v 1.4 times higher than the in-situ value.
The TTA specimens were further isotropically consolidated to 1.8 times the in-situ
σ′v before being sheared. In the TTA tests, the shear strength was found to slightly
deviate from common isotropic failure criteria, such as the classic Mohr-Coulomb or the
criteria proposed by Lade (1990). It is visible in Figure 2.19 that the TTA strength
envelope does not exhibit the six fold symmetry expected in the deviatoric plane for an
isotropic material. The effective angle of shearing resistance is 5◦ smaller in the zone
where both σ2 and σ1 are in the horizontal plane (Kirkgard & Lade, 1993).
In HCA tests, both φ′ and Su vary with the orientation of principal stresses, as pre-
sented in Figure 2.20. As with reconstituted clays, Su decreases in a monotonic way as
α increases. Note however that before shearing the HCA samples were further consol-
idated to a K0 of 0.56 and a σ
′
v 2.6 times higher than the field one. The consolidation
to higher stress levels than in-situ, in both the HCA and TTA tests, would most likely
have had an impact on the soil structure, so the behaviour observed might be different
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from the in-situ characteristics.
Callisto & Calabresi (1998) sheared specimens of soft Pisa clay in a TTA after re-
consolidation to their estimated in-situ stresses. As shown in Figure 2.21, they observed
a similar behaviour to that presented by Kirkgard & Lade (1993) in the octahedral plane,
deviating from isotropic behaviour.
HCA tests have been performed at Imperial College on soft Pentre clay-silt (Porovic,
1995) and soft Bothkennar clay (Albert et al., 2003). In the latter, samples were tested
in undrained torsional shear after re-consolidation to their in-situ stresses. The value of
α at failure ranged from 30◦ to 35◦. The torsional Su was found to lie in between the
maximum obtained for triaxial compression tests and the minimum in triaxial extension
as seen in Figure 2.22. This suggests a similar variation as the one observed by Lade
& Kirkgard (2000). In the Pentre clay-silt study, samples were K0 re-consolidated to
stresses higher than those in-situ and then swelled back to different OCRs, and sub-
sequently sheared undrained in torsion. All the samples failed at similar values of α
of about 30− 35◦, making it difficult to draw any conclusions on the effects of this
parameter on the strength.
Leroueil et al. (2003) presented results from 30 years of investigation of the behaviour
of the soft and sensitive Louiseville clay, including some HCA tests. High quality natural
samples were consolidated to isotropic stresses lower than half their pre-consolidation
pressure and then sheared undrained at different α values. The soil was found to exhibit
anisotropic strength in terms of φ′. More precisely, a correlation between the orientation
of the failure planes and the strength was observed, as presented in Figure 2.23 and 2.24.
Indeed, tests with α values lower than 30◦ followed the Mohr-Coulomb criterion relating
the orientation of the failure plane to the α value, and exhibited higher φ′. Tests with
higher α values all failed on horizontal planes and showed lower φ′. This resulted in the
observed variation of φ′ with α.
It should be noted that in none of the HCA tests on natural clays reviewed so far
were the effects of α and b separated. Indeed, all the tests were performed with equal
inner and outer pressures.
Stiff clays Data on the anisotropy of natural stiff clays is still scarcer than is the case
for soft clays. It should be noted that all of the following studies concentrated on the
peak shear strength.
Callisto & Rampello (2002) performed tests on stiff Pietrafitta clays using a TTA.
They found that the shear strength of the material was clearly anisotropic in the octa-
hedral plane as shown in Figure 2.25. Their results contrast with the trend observed
by Kirkgard & Lade (1993) and Callisto & Calabresi (1998) on soft clays. Indeed, the
strength of Pietrafitta clay observed at α = 90◦ exceeded that at α = 0◦.
Hight et al. (1997) presented results from HCA tests by Porovic (1995) on rotary core
samples of London and Thanet clay obtained from Sizewell Nuclear Power station. The
samples were re-consolidated to their in-situ stress state and then sheared in torsional
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mode with equal inner and outer pressures. Figure 2.26 compares the effective stress
paths with the strength envelope obtained from triaxial compression tests in an earlier
study. The torsional test strength clearly lies in the bottom range of the later, suggesting
a lower strength when the principal stresses are rotated to values intermediate between
the triaxial extremes (α = 0◦ and α = 90◦).
London Clay from Heathrow Terminal 5 Between 2002 to 2006, research was
conducted at Imperial College London on the stiff highly over-consolidated London Clay
from the Heathrow Terminal 5 site (Hight et al., 2007). The project included compre-
hensive testing with triaxial cells and hollow cylinder apparatus. The results from the
HCA tests are reviewed here.
Nishimura (2006) and Anh-Minh (2007) performed undrained HCA shear tests with
two types of apparatus at varying values of α and b. For both apparatuses, independent
control of inner and outer pressures allowed the effects of both parameters to be con-
sidered separately. The tests were performed on high quality block samples from two
different depths (5.2 and 10.5 m BGL). Those were reconsolidated either to their esti-
mated in-situ anisotropic conditions, or (isotropically) to their in-situ p′. For consistency
with the overall project, their estimated in-situ stresses included an extra 6-meter layer
of River Terrace Gravel that was removed 70 years ago at the block sampling location.
Specimens were sheared at different values of α at constant b value.
Figure 2.27 presents the variation of Su with α at b=0.5 for the anisotropically
reconsolidated samples, comparing the trends with results from low-OCR reconstituted
materials. Similarly to the latter, a reduction of strength was observed as α increases
from 0◦ to 45◦. Strength seems to sharply increase again from 45◦ to 90◦, in sharp
contrast to the behaviour of low-OCR clays. However, scatter is observed at α = 90◦
as samples from different depths (also tested in different apparatuses) gave different
strengths, as seen on Figure 2.27. According to Nishimura et al. (2007), the low strength
obtained for the shallower sample might be due to a higher density of fissures at that
depth.
It should be noted that due to the anisotropic undrained response of the London Clay
at small to medium strains (see section 2.3.2 below) each test failed at a different value
of p′ that depended on the b and α values imposed during shearing. To look into the
effect of effective stress level at failure, Nishimura et al. (2007) also studied the variation
of q/p′ at peak with α, as presented in Figure 2.28. For samples sheared at b=0.5, the
pattern of behaviour is similar to that for Su with a minimum value between 45
◦ and
67◦. This was not seen with the other b values considered (0 and 1) where the strength
appeared less affected by α over the 45◦ to 90◦ range as seen on Figure 2.29 and 2.30.
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2.3.2 Elastic stiffness anisotropy
Research into the small strain behaviour of stiff clays has highlighted strong stiffness
anisotropy (Pennington (1999) and Gasparre (2006) among others).
As explained before, it is often convenient to analyse the behaviour of soils with a
transverse anisotropic model. The elastic parameters specified in the cross-anisotropic
model that is often used to represent soil behaviour at small strains are presented below.
Although the elastic Y1 region of a stiff clay is fairly limited, the determination of
elastic parameters is relevant for dynamic analysis and provides a firm starting point for
the numerical modelling of clay behaviour to improve the accuracy of the prediction of
soil displacements.
A cross-anisotropic elastic material can be described by the following relationship
between increments of stress and strain:
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
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
(2.6)
where the subscript v refers to the vertical direction, h to the horizontal, the plane xy
is horizontal, the direction z is vertical and:
Ev, Eh are respectively the vertical and horizontal Young’s moduli
µvh is the Poisson’s ratio for horizontal normal strain caused by an imposed ver-
tical strain
µhv is the Poisson’s ratio for vertical normal strain caused by an imposed horizon-
tal strain
µhh is the Poisson’s ratio for horizontal normal strain caused by an imposed hori-
zontal strain
Gvh, Ghh are shear moduli
Love (1927) demonstrated that only 5 independent parameters are actually needed to
fully describe the cross-anisotropy model as the following relationships exist:
µvh
Ev
=
µhv
Eh
(2.7a)
Ghh =
Eh
2(1 + µhh)
(2.7b)
Moreover, due to thermodynamical requirements, the strain energy of an elastic ma-
terial must be positive and Pickering (1970) showed that this imposed the following
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restrictions:
Ev, Eh, Gvh ≥ 0 (2.8a)
−1 ≤ µhh ≤ 1 (2.8b)
Ev
Eh
(1− µhh)− 2µ2vh ≥ 0 (2.8c)
It is important to notice that in Equation 2.6, either effective or total stress can be
used, leading to the distinction between effective stress elastic parameters (noted with
a superscript ’ subsequently) and the undrained ones (noted with a superscript U).
As this project involved primarily undrained shearing tests (see Chapter 5), it is
necessary to consider the undrained case. In undrained conditions, the soil deforms at
constant volume and it can be shown that the following relationships apply (Gibson,
1974):
µUvh =
1
2
(2.9a)
µUhv =
1
2
EUh
EUv
(2.9b)
µUhh = 1−
1
2
EUh
EUv
(2.9c)
The number of independent parameters therefore reduces to three in undrained condi-
tions. It should be noted that while the undrained parameters can be calculated from
the set of drained parameters, the reverse is not possible (Lings et al., 2000).
2.4 Summary
This chapter reviewed the current knowledge about the behaviour of heavily over-
consolidated stiff clays. The main findings are presented below:
Pre-failure behaviour The pre-failure behaviour is often divided in three zones. The
first zone corresponds to linear elastic behaviour. This zone is very small even in stiff
clays. The zone’s strain and stress ranges observed by Gasparre (2006) on London clay
were about 10−4 to 10−3 % and 1 to 2 kPa, respectively. The second zone corresponds
the start of non-linear plastic behaviour, although the ratio of plastic to total strain
remains low. In the stiff London clay, the limit of this zone (Y2) is about 3 to 5 · 10−3 %
deviatoric strain (Gasparre, 2006). Finally, the ratio of plastic to total strains increases
at a higher rate once the third zone is reached. The limit of this zone, Y3, corresponds
to the ‘gross yield’. The Y3 surface corresponds in a normalised stress space to a Local
Boundary Surface, whose shape is dependent on the stress history of the soil. The LBSs
can only be crossed by drained effective stress paths generating large volumetric strains.
The State Boundary Surface encompasses all the LBSs of a given soil.
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The recent stress history may affect the small strain behaviour if the prior stress
changes engaged the Y2 surface. However, if the recent stress path stayed within the
second zone then the subsequent behaviour appears to be independent of the previous
stress path direction, provided that a sufficient rest period was implemented.
Failure and post-failure behaviour Heavily over-consolidated stiff clays often ex-
hibit a high degree of brittleness. This results in the existence of three strength compo-
nents. The peak strength is the maximum strength recorded. The post-rupture strength
may correspond to a plateau reached post-peak after limited displacement. The latter
is usually considerably larger than the residual strength, which is observed after large
slip displacements on shear surfaces.
The ‘structure’ of a soil is defined as the combination of fabric and bonding. The
structure of a natural clay is usually quantified with respect to its reconstituted coun-
terparts. The former results from the conditions at deposition and from the geological
processes subsequently applied to the soil. Structure in a natural soils usually (but not
always) give it an enhanced strength with respect to the reconstituted material, and the
difference leads to sensitivity. The fragility of structure against shearing, that is whether
shearing destroy the structure or not, also affects the brittleness of the soils.
Frameworks have been developed to take into account the effects of structure on a
soil, such as the ‘Sensitivity’ frameworks by Cotecchia & Chandler (2000). However,
those are difficult to apply to stiff clays in which the sensitivity is often hard to define.
As part of the ‘macro-strcuture’, fissures and joint are often present in stiff clays.
They usually lower the mass strength of the material. Coupled with the brittleness of
the clay, their presence makes the ‘operational’ strengths difficult to determine.
Anisotropy Anisotropy is the dependency of soil properties on the direction consid-
ered. Many soils show anisotropic behaviour. Among the existing laboratory equipment
for geotechnical testing, the Hollow Cylinder Apparatus (HCA) and the Directional
Shear Cell appear to be the most suitable for studying anisotropy as they allow rotation
of the principal stress directions in a controlled manner.
In terms of shear strength anisotropy, reviews of the existing experimental inves-
tigation of reconstituted, natural soft and stiff clays with HCA and DSC lead to the
following findings:
Reconstituted clays There appears to be a trend of Su or φ
′ reducing in mono-
tonically as α increases, although some studies also indicate isotropic behaviour.
Natural soft clays Most studies showed a behaviour similar to that for recon-
stituted clays, with reductions in shear strength with increasing α values.
Natural stiff clays Recent tests on the stiff London clay, suggested that minimal
shear strengths (Su and φ
′
p) develop at intermediate α values, with higher strength
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as α = 0◦ and 90◦. However, other data on the strength anisotropy of stiff clays is
very scarce.
Anisotropy in the elastic region has been reported in various geo-material and is
often characterised with reference to a cross-anisotropic elastic model. The general
model requires the determination of 5 independent effective stress parameters. In the
special case of undrained conditions, the number of parameters reduces to 3.
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(a) normal and shear stresses (b) principal stresses and directions
Figure 2.11: Schematic of the two sets of six parameters that can be used to define the
stress state of an element of continuous material
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Figure 2.12: Different apparatuses available for studying anisotropy and their perfor-
mance in terms of control of α and b (Porovic, 1995)
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Figure 2.13: Example of the set-up of a True Triaxial Apparatus (Callisto & Calabresi,
1998)
(a) Definition of an octahedral plane (b) Value of α and b in the octahedral plan for TTA
tests
Figure 2.14: Octahedral plane for TTA tests (modified from (Kirkgard & Lade, 1993))
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Figure 2.15: Example of the set-up of a Directional Shear Cell (Arthur et al., 1980)
(a) Undrained strength Su (b) Angle of shearing resistance
Figure 2.16: Variation of shear strengths with α of silt and clay-sand mixtures obtained
from HCA tests (p′0: consolidation mean effective stress, PTP: Phase Transformation
Point, ult: ultimate) (Zdravkovic & Jardine, 2000)
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Figure 2.17: Variation of shear strength with α of normally and over-consolidated re-
constituted Boston Blue Clay for DSC tests (σ′p: pre-consolidation pressure) (Whittle
et al., 1994)
Figure 2.18: Failure points in τzθ - (σz − σθ) space fitted with an isotropic failure criterion
obtained from HCA tests on Edgar Plastic Kaolinite (Hong & Lade, 1989a)
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Figure 2.19: Failure points in the octahedral plan from TTA tests on natural San Fran-
sisco Bay mud fitted with isotropic failure criteria (Lade & Kirkgard, 2000)
(a) Su (b) Angle of shearing resistance
Figure 2.20: Variation of shear strength with α of natural San Fransisco Bay Mud
obtained from HCA tests (σ′vc: vertical consolidation pressure) (Lade & Kirkgard, 2000)
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2. Background review of stiff clay behaviour
Figure 2.21: Failure points in the octahedral plan from TTA tests on natural Pisa clay
(Callisto & Calabresi, 1998)
Figure 2.22: Profiles of Su with depth for natural Bothkennar clay obtained from triaxial
compression (TC), extension (TE) and torsional shear tests (Albert et al., 2003)
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2.4. Summary
Figure 2.23: Relationship between the inclination of failure surfaces (θ) and α (noted β
on the figure) in HCA tests on natural Louiseville clay (Leroueil et al., 2003)
Figure 2.24: Strength envelopes depending on α values from shearing test in HCA for
natural Louiseville clay (τ ,σ′: shear and normal stress on the failure plane, σ′p: maximum
vertical pressure experienced by the soil) (Leroueil et al., 2003)
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2. Background review of stiff clay behaviour
Figure 2.25: Failure points in the octahedral plan from TTA tests on Pietrafitta clay
(Callisto & Rampello, 2002)
Figure 2.26: Effective stress paths of torsional shear tests on natural London clay in
q/2− p′ space (Hight et al., 1997)
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2.4. Summary
Figure 2.27: Variation of undrained shear strength with α from HCA tests at b=0.5 on
natural London clay re-consolidated to its anisotropic in-situ state (Nishimura et al.,
2007)
(a) Sample from 10.5 m BGL (b) Sample from 5.2 m BGL
Figure 2.28: Variation of peak q/p′ with α from HCA tests at b=0.5 on natural London
clay (Nishimura et al., 2007)
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2. Background review of stiff clay behaviour
Figure 2.29: Peak strength variation with α and b from HCA tests on natural London
clay from 10.5 m BGL (Nishimura et al., 2007)
Figure 2.30: Peak strength variation with α and b from HCA tests on natural London
clay from 5.2 m BGL (Nishimura et al., 2007)
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Chapter 3
UK mudrocks properties
Mudrocks are fined grained sedimentary rocks. The definition of mudrock does not
include any reference to the material mechanical strength or breaking characteristics
(Wilkinson, 2011). As such mudrocks may be clays, therefore the materials described in
this thesis are referred to interchangeably as mudrock or clay.
The research presented here is part of a project studying the properties of three
British mudrocks: Oxford Clay, Kimmeridge clay and Gault clay. These three clays
were deposited between the late Jurassic to the Cretaceous period as indicated in Fig-
ure 3.1. This chapter summarises the geology, mineralogy, structure and previously
known mechanical properties of the materials tested in this study. A more detailed
report of the geology, mineralogy and structure is available in Wilkinson (2011).
3.1 Oxford clay
Oxford Clay outcrops over a wide part of England extending diagonally from Dorset up
to Yorkshire as shown in Figure 3.2. The deposit attains a maximum thickness of 185 m
in Dorset (Cox et al., 1992). It was deposited in the late Jurassic, around 165 to 155 Ma.
This section describes the geology and mechanical properties of Oxford clay across the
UK as well as the specifics of the material retrieved for the mudrock project.
3.1.1 Geology
Geological history
Deposition Oxford Clay was deposited in a shallow marine environment in an open
seaway (Wilkinson, 2011). A deepening of the sea level preceded its deposition. Set-
tlement through the water column is assumed to be the main depositional mechanism
(Wilkinson, 2011).
From a stratigraphical point of view, it is divided in three main units, from the
oldest to the younger material: the Peterborough, the Stewartby and the Weymouth
Members (Cox et al., 1992). The material varies from a brown organic-rich shaly clay in
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Minerals Proportion
[%]
Illite 30
Quartz 20–25
Calcite 10
Kaolin 10
Chlorite 10
Feldspars 10
minor minerals 10
Table 3.1: Typical mineralogy of the Oxford Clay of the Peterborough Member based
on the literature (Wilkinson, 2011)
the Peterborough Member to a green plastic clay with higher calcium carbonate content
in the two other divisions (Jackson & Fookes, 1974; Wilkinson, 2011). Wilkinson (2011)
estimated that the samples used in the present research belong to the Jason zone in the
Peterborough Member based on fossil evidence (see Figure 3.3).
Burial and uplift Following deposition, the Oxford clay experienced a period of in-
creasing burial during the first 95 My of its history (from 155 Ma to 60 Ma). This period
included alternating sequences of deposition and erosion as the subsequent geological for-
mations were laid down (see Figure 3.1). While it is difficult to evaluate in details the
rates of burial and erosion, Wilkinson (2011) estimated the average rate of burial over
this period to be around 6− 7 m/My. This period was followed by 40 My of limited
deposition and erosion, resulting in a null balance. Subsequently, the material may have
experienced a period of rapid burial over 5 My followed by a rapid uplift for over a
further 5 My. Finally, the last 15 My correspond to an uplift to the surface (Wilkinson,
2011).
Figure 3.4 retraces the burial history of the material sampled for the present research.
Note that significant uncertainties remain concerning the maximum depth of burial.
Estimates based on stratigraphic evidence suggest a maximum depth of burial of 500 m
around our sampling site (Jackson & Fookes, 1974). However, alternative methods such
as palaeothermal analysis and apatite fission track analysis lead to much higher depths,
up to 1500 m (Green, 1989; Green et al., 2001; Brenchley & Rawson, 2006; Cope, 1994).
Mineralogy and structure
Mineralogy Table 3.1 presents average values obtained from the literature for the
mineralogy of the Peterborough Member, which is the section of Oxford clay of interest
in this research. Illite and quartz are the predominant minerals amounting for half of the
mudrock with the remaining half being equally divided between calcite, kaolin, chlorite
and feldspars (Wilkinson, 2011).
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Macro and Micro-structure At a macroscopic level, Oxford clay is known to be
highly bedded (Parry, 1972; Burland et al., 1977). Parry (1972) examined the micro-
structure of samples of Oxford clay from Stewartby (see Table 3.2) with the help of
a Scanning Electron Microscope (SEM). While individual clay particles could not be
resolved, Figure 3.5 reveals a high degree of orientation in the horizontal direction,
reflecting what is seen at the macroscopic level. Preferred particle orientation in the
horizontal direction is a distinctive feature of the Oxford clay structure and has been
reported since by other researchers (Hounslow, 1985; Bates & Phillips, 2000).
3.1.2 Mechanical properties
In contrast to London clay, whose properties have been extensively studied in the past,
limited data is available on the behaviour of Oxford clay. The main studies available
are listed in Table 3.2 which also indicates the sampling sites and the geotechnical tests
performed. Most of those studies concentrated on material from either the Stewartby
or the Peterborough Member of the Oxford clay stratigraphy, and only results on the
Peterborough will be considered here.
Index properties
A summary of the index properties obtained by previous researchers is presented in Ta-
ble 3.3. The plastic limit range is 25-30 % while the liquid limit shows greater variation,
ranging from 55 to 70 %. The Oxford clay therefore classifies as a high plasticity clay.
Strength and stiffness
A summary of the diverse shear strengths obtained from literature is presented in Ta-
ble 3.4. The peak effective angles of shearing resistance (φ′p) range from 20 to 45◦, mostly
falling around 30◦. The residual φ′r is reported to be about half of the peak value.
Early studies Parry (1972) studied the stability of former brick pits at Stewartby,
situated close to Bedford (see Figure 3.6). Parry’s experimental investigation included
index, triaxial and direct shear box tests. Drained shear box tests were performed on
samples cut at angles so that the shear plane orientation corresponded to the vertical,
horizontal and to 30◦ to the horizontal. Results indicated higher strength in samples
sheared along vertical planes with a φ′p of 33◦ compared to the other two orientations of
21◦. These results contrast with James (1971)’s ones where the φ′p appeared unaffected
by the shear plane direction in drained shear box tests. As reviewed in Chapter 2, direct
shear box tests give ambiguous measures of the soil behaviour and provide only limited
information regarding strength anisotropy.
Burland et al. (1977) investigated the stability of a 29 m deep steep excavation in a
Oxford Clay brick pit at Wittlesey, nearby Peterborough (see Figure 3.2). The study
involved field instrumentation monitoring and laboratory testing. Triaxial compression
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3.1. Oxford clay
Reference γm PL LL PI Activity CF
[kN/m3] [%] [%] [%] [%]
James (1971) – 20-32 50-75 25-50 0.6-1.1 –
Parry (1972) 16.7-20.6 25 70 45 – –
Jackson & Fookes (1974) - 31 67 36 – –
Burland et al. (1977) 19.9 24 55 31 – > 55
Rudrum (1990) 17-18.4 29 60 31 0.69-0.91 30-35
Pierpoint (1996) 18-19 – – – – –
Cripps & Taylor (1987) 18 –20.1 18–47 45–75 12–50 – 30–70
Table 3.3: Index properties of Oxford clay from the literature. Abbreviation:
PL: Plastic limit LL: Liquid Limit PI: Plastic Index CF: Clay fraction
Reference c′peak φ
′
peak φ
′
pr φ
′
r Su
[kPa] [◦] [◦] [◦] [kPa]
James (1971) – 30 – 16 –
Parry (1972) 25 28–29 18–20 – 95–165
Jackson & Fookes (1974) 59–89 29–30 – 15–16 –
Burland et al. (1977) – 27–28 – 13 50–1200
Rudrum (1990) 6 26 – – 20–66
Pierpoint (1996) – 20–45 – – –
Hird & Pierpoint (1997) – 21–32 – – –
Cripps & Taylor (1987) 10–216 23–40 – 12.5–18.5 96–1300
Table 3.4: Shear strength properties of Oxford clay from the literature
tests were performed on vertically and horizontally cut samples. The strength of the
horizontal samples was found to be 1-1.7 times on average that of the vertical samples
(Burland et al., 1977). In the same tests, the ratio of the horizontal undrained modulus
EUh to the vertical one E
U
v ranged from 1.4 to 2.5. It is noteworthy that those stiffnesses
were defined at relatively large strains and subjected to external strain measurement
errors. While the limitations of such testing techniques to investigate anisotropy are well
known (as described in Chapter 2) useful indications of marked strength and stiffness
anisotropy seem to emerge from the early studies on Oxford clay.
Another feature observed in both studies was the marked brittleness of the material,
as visible on Figure 3.7. Burland et al. (1977) reported brittleness indices around 0.8
from direct shear box tests.
Elstow trial excavation In 1987, a trial excavation was dug by NIREX near Elstow
(see Figure 3.6) as part of research into designing nuclear waste repositories (Rudrum,
1990; Hird & Pierpoint, 1997; Pierpoint, 1996). The site was heavily instrumented with
piezometers, inclinometers and magnetic extensometers before excavation to monitor its
effects, and block samples were retrieved during excavation. The project was abandoned
shortly before the completion of the excavation, and as a result only a limited number
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of laboratory tests were performed on the available samples.
Rudrum (1990) presented the results of those investigations, as well as the analysis
of in-situ tests and of the three-months monitoring that followed the end of excavation.
Undrained triaxial compression tests were performed on vertically and horizontally cut
specimens obtained from block and Mazier tube samples (Pierpoint, 1996). As shown in
Figure 3.8, the initial inclination of the effective stress paths suggests marked stiffness
anisotropy of the soil. The p’ of vertically cut samples initially reduced, suggesting higher
stiffnesses in the horizontal direction, as expected for a heavily-overconsolidated clay such
as Oxford clay. Horizontally cut samples also exhibit higher undrained strength.
Subsequently, the site was re-investigated by the University of Sheffield (Hird &
Pierpoint, 1997; Pierpoint, 1996). Their research included a laboratory study on block
samples retrieved during the excavation, and on block samples taken from Kempston
brick pit, a nearby site (see Figure 3.6). Triaxial tests were performed on 100 mm
specimens with local instrumentation. Bender elements mounted vertically were also
used to measure Gvh. This work concentrated mainly on the determination of the small
strain behaviour and stiffness parameters.
Stress probes were conducted at either constant p′ or q. Multiple stress probes
were performed on the same specimen, as presented on Figure 3.9, with extended pause
periods for creep in between. However, Hird & Pierpoint (1997) reported that a small but
still significant residual creep was sometimes recorded before the probes, although they
estimated that this did not affect the stiffness measurements. These probes extended
over substantial stress increments of around 100 kPa. Based on observations reported
in Chapter 2 for other stiff clays, it is most probable that such probes engaged the
Y2 surface and went well into Zone III. Significant plastic straining almost certainly
occurred. Unlike Gasparre et al. (2007b)’s experiments on London clay, Hird & Pierpoint
(1997) did not identify any significant effect of recent stress history on stiffness. However,
strain levels smaller than 10−3 % could not be resolved with their equipment (Pierpoint,
1996). Observations made in Chapter 2 suggest that the elastic properties could not
therefore have been measured in these tests.
The relative spacing of incremental strain energy contours interpreted by Hird &
Pierpoint (1997) from their probes suggests a strong anisotropy, with higher stiffness in
the horizontal direction. Pierpoint (1996)’s tests do not allow any quantitative conclu-
sions to be drawn on the strength anisotropy of the soil.
3.1.3 Sampling site
The present study employed seven block samples of Oxford clay retrieved from a site
named ‘The Wixams’, near to the Elstow Storage Depot, 5 km south of Bedford, in
September 2007 (see Figure 3.6). A more detailed description of the sampling procedure
is given in Chapter 5. This section describes the sampling site and geology, observations
on the material properties at the site and on the recent stress history of the samples.
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Location and geology
The 300Ö300Ö300 mm blocks were obtained from a trench dug in the center of a 10 m
deep excavation, as shown on Figure 3.10. The excavation was part of an estate devel-
opment project run by Arup (2007) and was of about 210 m length and 120 m width.
It was used to extract filling material for the construction site and was later filled with
water to become a small ornamental lake.
The site is situated close to the centre of a wide open valley, which contains a small
tributary to the Great Ouse river (Wilkinson, 2011). A geological cross-section of the
valley is shown on 3.11. The main material encountered is the Oxford Clay underlain
by the Kellaways Beds and the Cornbrash underneath. Limited deposits of alluvium
and river gravel are present at the centre of the valley, while Boulder clays were laid on
the shoulder during the last glaciation. The older bedrocks dip at a low angle of 2− 3◦.
Wilkinson (2011) estimates that lateral loading from tectonic action has been limited at
the site and that the stress history of the site should mainly be one of burial and uplift.
In terms of hydrological conditions, the water table is estimated to be close to,
or at, the original ground surface from site observation. A depth of 1 m BGL was
assumed before excavation, based on the literature and borehole monitoring at the site
(Arup, 2007). This is consistent with the sampling site being situated in a floodplain,
and with the flooding of the excavation seen during June and July 2007. There is
a possibility of under drainage of the Oxford clay layer into the underlying Kellaways
sand (Hird & Pierpoint, 1997). However, this hypothetical feature was estimated to have
a negligible influence at the sampling depth and hydrostatic conditions were assumed
for the following analyses.
Material properties
Profile The geological profile of the site is presented on Figure 3.13 along with material
properties obtained from previous studies. The profile is derived from borehole records
close to the sampling site (Arup, 2007) and CPT investigations realised by ‘In Situ Site
Investigation’ as a part of this project. The location of the boreholes and CPTs are
marked on Figure 3.10.
The Oxford clay layer has a thickness of about 12 m at the site, lying over the Kell-
aways beds and therefore corresponding to the lower part of the Peterborough member.
Samples were retrieved below the bottom of the excavation, at 10 m depth below the
original ground level, about 4− 5 m above the Kellaways beds. Water contents and
index properties show scatter about means rather than any clear variation with depth.
However, the values obtained for the block samples compare well with the results of
Arup (2007) study for the same site. Tests performed on the block samples (Concept,
2010) revealed a high organic content of 10 %, as expected for a clay which has been
extensively used in the area as a brick material. They also show fairly low grain specific
gravity of 2.46 Mg/m3. Figure 3.14 presents variation of shear stiffness and undrained
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strength from previous studies, supplemented by seismic CPT testing performed by ‘In
Situ Site Investigation’ from this project. Both parameters increase with depth. As with
the other properties, the data show scatter.
Mineralogy and structure Wilkinson (2011) studied the mineralogy of the Oxford
clay at the sampling site. His results, given in Table 3.5, are in good agreement with
the average values presented in Table 3.1, showing that the sampled material is typical
in terms of mineralogy.
As for the macro-structure, vertical joints were observed at the sampling site, with
approximative spacings of 1 m as seen in Figure 3.12 (Wilkinson, 2011). Those were
usually orientated North-South or East-West. However, as in previous studies, the
dominant feature observed in the macro-structure was its highly bedded nature. During
sampling, the clay often failed along horizontal planes, exposing rather rough surfaces
covered with shells, as seen on Figure 3.15. This indicates that they are most likely
depositional surfaces, and that no prior displacement occurred on them (Wilkinson,
2011).
Wilkinson (2011) studied the micro-structure of the material using SEM imaging on
vertically and horizontally cut samples. He found a strongly preferred orientation of the
clay particles. As seen on Figure 3.16, in vertically cut samples clay particles are clearly
aligned horizontally, forming a layered material that mirrors the observation made at the
macro-scale. As a result of this horizontal alignment, the clay is likely to be weaker when
sheared along horizontal planes, as observed when handling the material. On horizontally
cut samples, there is no clearly predominant orientation of the particles, as shown by
the rose diagram obtained from SEM image analyses in Figure 3.17 (Wilkinson, 2011).
Shells are present in great quantities and are usually aligned with the clay particles. They
both reinforce the horizontal structure and reduce the shear strength in this direction
(Wilkinson, 2011).
Recent stress history
As seen in Chapter 2, the recent stress history of a soil may affect its behaviour. A
study was therefore performed to evaluate any stress changes experienced by the sample
in response to the excavation process. The excavation proceeded from Spring to Autumn
2007, with:
Stage 1: March to May. The first 6 m of soil was excavated.
Stage 2: June to July. Due to heavy rainfall, the excavation was flooded and
worked stopped.
Stage 3: August to September. The excavation was pumped out and the re-
maining 3 m were excavated. The last 2 m being excavated two weeks before the
sampling operation took place at the end of September 2007.
The profile and sequence of the excavation are presented on Figure 3.19.
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3. UK mudrocks properties
Swelling process during excavation One initial consideration concerned whether
the excavation process could be considered undrained, which might be expected for
a stiff heavily over-consolidated clay such as Oxford clay. A simple numerical analysis
using Terzaghi’s one dimensional consolidation theory was performed with a spreadsheet
formulated by the Author. The soil was modelled by a uniform layer of clay with drainage
at the top and bottom, the underlayer of Kellaways sand being assumed to be drained.
This assumption is based on the results of in-situ permeability tests at the close by
Elstow trial excavation given by Rudrum (1990), with average kv values of 5.97 · 10−10
and 3.51 · 10−7 m/s for Oxford Clay and Kellaways sand respectively. The effect of
unloading was modelled with a uniform decrease of load with depth in the remaining
material. A suction of 25 kPa was assumed at the current surface of each step, except
during the flooding period. The results are presented in Figure 3.20. They indicate
that some swelling may have occurred during Stage 3. The amount of dissipation of
excess pore water pressure mainly depends on the time when the last meter of soil
was excavated. Based on the available information, it is estimated that the changes in
effective stresses due to swelling were negligible at the sampling depth, with the degree of
equalisation being just 5 % at the sampling time. This is also supported by piezometer
monitoring showing no dissipation of excess pore water pressure three months after
the end of Elstow trial Excavation in 1987 (Rudrum, 1990). Therefore, the excavation
process was assumed be undrained in the following schemes.
Stress changes due to excavation The effects of the undrained excavation on the
mean effective stress p′ and deviatoric stress q had to be evaluated. If the soil is assumed
to be isotropic linear elastic, then any undrained stress path would not generate any
change in mean effective stress. However, as seen in Section 3.1.2, Oxford clay exhibits
anisotropic behaviour which is far from linear elastic under the stress changes imposed by
most engineering works. A numerical analysis including coupled behaviour would provide
an appropriate way to estimate the effects of excavation. However, this was outside of
the scope of the present study. Instead, the results of the numerical analysis of the
Elstow trial excavation performed by Pierpoint (1996) were applied. The Elstow trial
excavation was situated about 500 m south west of our sampling site. The excavation
was of similar depth to the one in the present research. However, its length and width
were slightly smaller, of about 100 m and 40 m respectively. Pierpoint (1996) carried
out a numerical analysis of the undrained response of the soil based on the parameters
obtained from his experimental tests. The soil was modelled with a reduced cross-
anisotropic model including three independent parameters instead of five. From these
analysis, the excavation was considered likely to give an increase of 20 kPa in p′ and a
decrease of 30 kPa in q for the soil situated a meter below the centre line of the bottom
of the Elstow trial excavation.
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Figure 3.1: Distribution of mudrocks in relation to the geological time scale. Mudrocks
studied in this project are indicated in bold (Wilkinson, 2011)
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Figure 3.2: Map of the outcrops of the Lias, Oxford, Kimmeridge and Gault clays in
England (modified from Wilkinson (2011)). Stars indicate sampling sites.
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Figure 3.3: Stratigraphy of the Oxford clay in UK. The location of the stratum studied
in this research is indicated in bold. (Wilkinson, 2011)
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Figure 3.4: Burial history of Oxford clay (modified from Wilkinson (2011)). AFTA:
Apatite Fission Track Analysis.
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Figure 3.5: SEM image of the micro-structure of Oxford clay from Stewartby, near
Bedford (Parry, 1972)
Figure 3.6: Map of the sampling site and surrounding area for Oxford Clay (Map data
©OpenStreetMap Contributors (2011))
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Figure 3.7: Illustration of the brittle behaviour of Oxford clay in drained triaxial tests
on Stewartby samples from 8 m depth (Parry, 1972)
Figure 3.8: Effective stress paths in p′ − q space from undrained triaxial tests on hori-
zontally and vertically cut Oxford Clay samples from Elstow trial excavation (Pierpoint,
1996)
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Figure 3.9: Schematic of the effective stress path in p′ − q space of a multistage stress
probing on a single sample of Oxford clay in the investigations presented by Hird &
Pierpoint (1997)
Figure 3.10: Map of sampling site for Oxford clay, at Wixams near Elstow (map data
from Arup (2007); Wilkinson (2011)). Trial pits, BHs and CPTs* were performed by
Arup (2007) and the Author’s seismic CPTs by ‘In Situ SI’.
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Figure 3.11: Geological cross-section of the Elstow area including the sampling site
(Wilkinson, 2011)
Figure 3.12: Vertical joints visible in Oxford clay during sampling (Wilkinson, 2011)
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Figure 3.13: Profile of Oxford Clay at the sampling site, showing sample horizon
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Figure 3.14: Profile of Oxford Clay at the sampling site, showing sample horizon (RC:
Resonant Column, see Chapter 4)
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Figure 3.15: A bedding surface exposed in Oxford clay during sample preparation
Figure 3.16: Example of the Oxford Clay structure observed on a vertically cut sample
with SEM (S1, S2 and S3 are shells fragments) (Wilkinson, 2011)
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Figure 3.17: Rose diagrams representing the summation of particle long axis orientations
for Oxford, Kimmeridge and Gault clay on vertical (left side) and horizontal (right side)
surfaces (Wilkinson, 2011)
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Figure 3.18: Rose diagrams representing the summation of particle long axis orientations
for Lias and London clay on vertical (left side) and horizontal (right side) surfaces
(Wilkinson, 2011)
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Figure 3.19: Vertical profile of the excavation and its sequence for Oxford clay sampling
site (Brosse, 2008)
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Figure 3.20: Evolution of pore water pressure at 10 m depth during the excavation of
the pond at Wixams based on numerical 1-D consolidation analysis (Brosse, 2008)
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3.2 Kimmeridge Clay
The Kimmeridge clay outcrop in the UK is limited to a narrow band extending from
Yorkshire down to Dorset, situated between the Oxford and Gault clay outcrops (see
Figure 3.2). It was deposited during the late Jurassic, between 155 to 150 Ma, and is
therefore slightly younger than Oxford clay (see Figure 3.1). The thickness of the clay
ranges from a minimum of 50 m in the East Midland Shelf to a maximum of about 450 m
in Dorset (Wilkinson, 2011). The samples used in this research were obtained from a
site near Steventon, in Oxfordshire.
3.2.1 Geology
Geological history
Deposition The Kimmeridge clay was deposited in a shallow marine environment that
involved higher energy than that applying to Oxford clay (Wilkinson, 2011).
The stratigraphy of the clay is usually separated in two sections: the Lower Kim-
meridge Clay, which is linked to the Kimmeridgian stage, and the Upper Kimmeridge,
associated with the Bolonian Stage (Wilkinson, 2011). The Kimmeridge formation is
composed of an alternation of mudrock and limestone layers. In Dorset, where the de-
posit is the thickest, 63 beds have been defined in the stratigraphy. However, in the
Midland platform, which was closer to the shore at the time of deposition, the sequence
is condensed and the distinct beds seen in Dorset cannot be identified. The Midland ma-
terial also has a higher silt content (Wilkinson, 2011). Unfortunately, Wilkinson (2011)
was not able to establish the precise stratigraphic horizon of the samples investigated in
this research.
Burial and uplift The Kimmeridge clay was deposited shortly after the Oxford clay.
It has a similar burial history to the latter, as seen in Figure 3.21. Therefore, the
same uncertainties apply concerning its history. The stratigraphic evidence suggests a
maximum depth of burial 410 m while the thermal analyses gives estimates as high as
1080 m around our sampling site (Jackson & Fookes, 1974; Green et al., 2001).
Mineralogy and structure
Information on the bulk mineralogy of Kimmeridge clay from UK geotechnical inves-
tigations is scarce. The few analyses found by the Author are presented in Table 3.6,
which shows varying mineralogy, even for material coming from the same site (refer to
Table 3.7 for site locations). However, the clay mineralogy of the material is better
defined (Wilkinson, 2011). The lower part of the deposit is rich in illite, with 20 to 30
% kaolin and 20 to 30 % collapsible minerals (Wilkinson, 2011). Swan et al. (1989);
Nygard & Gutierrez (2002) and Nygard et al. (2004b) reported that the Kimmeridge
Clay from Kimmeridge Bay, Isle of Purbeck has strong particle orientation in the hori-
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Mineral proportion [%]
Minerals KWC* KBC* Hornby (1998) Swan et al. (1989)
Illite/Smectite/mica 45 30 35 18
Smectite 20 10 – –
Illite 25 20 – –
Kaolinite 10 30 22 22
Quartz 25 30 30 32
Aragonite ≥5 – – –
Calcite 15 ≥5 – 15
Pyrite 5 ≥5 4 4
Chlorite – – 2 –
Albite – – 5 –
K-feldspar – – 2 –
Table 3.6: Bulk mineralogy of the Kimmeridge clay from the literature (* from Nygard
& Gutierrez (2002))
zontal direction at the microscopic level as well as a laminated macro-structure, as seen
in Figure 3.22. However, samples from Westbury, Wiltshire, exhibit little preferred ori-
entation, with aggregates presenting a wide range of clay contacts (face to face, edge to
face and edge to edge) as seen on Figure 3.22 (Leddra et al., 1992; Nygard & Gutierrez,
2002; Nygard et al., 2004b). The difference between the two structures is highlighted in
Figure 3.23.
Overall, it seems that the structure and mineralogy of the Kimmeridge clay vary
both across the country and within the stratigraphic column.
3.2.2 Mechanical properties
The offshore Kimmeridge clay has been studied for petroleum engineering purposes,
as it is one of the main source rocks for the North Sea oil fields. However, onshore
investigations are scarce, as the clay outcrop in the UK is limited. As presented in
Table 3.7, most of the studies available concentrate on two sites: the Kimmeridge Bay
in Dorset and the Westbury quarry in Wiltshire. Unfortunately, there is little public
domain data available close to our sampling site, near Steventon, Oxfordshire.
Index properties
The index properties of Kimmeridge clay are summarised in Table 3.8. The plastic limit
seems fairly well defined around 26 % while, as usual, much more variation is observed
for the liquid limit. This leads to large variation in the plastic index, from about 17 %
up to 60 %, probably reflecting the observed variation in mineralogy.
99
3. UK mudrocks properties
R
eferen
ce
S
ite
S
am
p
le
d
ep
th
S
am
p
lin
g
G
eotech
n
ical
[m
B
G
L
]
m
eth
o
d
tests
S
im
m
(198
4
)
K
in
gston
u
p
on
H
u
ll,
30–60
C
ored
C
U
-T
C
;
D
S
B
Y
ork
sh
ire
P
L
S
w
an
et
a
l.
(19
8
9)
K
im
m
erid
ge
B
ay,
–
–
U
U
an
d
C
U
-T
C
Isle
of
P
u
rb
eck
,
D
orset
V
an
d
H
C
ra
b
b
&
A
tk
in
son
(1
991
)
M
4,
J
u
n
ction
16,
–
T
h
in
w
all
T
C
P
erry
(199
4
)
S
w
in
d
on
,
W
iltsh
ire
tu
b
e
L
ed
d
ra
et
a
l.
(19
9
2)
W
estb
u
ry
Q
u
arry,
–
B
lo
ck
s
C
U
-T
C
P
etley
(19
9
9)
W
iltsh
ire
H
o
rn
b
y
(19
9
8)
N
orth
S
ea
3750
[B
S
L
]
C
ored
S
eism
ic
(P
an
d
S
w
ave)
H
,
V
,
30 ◦
W
ild
et
a
l.
(1
9
98)
S
ou
th
E
ast
of
O
x
ford
1–3
–
In
d
ex
test
an
d
m
in
eralogy
S
p
errev
ik
et
a
l.
(20
0
0)
W
estb
u
ry
Q
u
arry,
–
–
In
d
ex
test
W
iltsh
ire
an
d
m
in
eralogy
N
y
ga
rd
&
G
u
tierrez
(2
002
)
W
estb
u
ry
Q
u
arry,
–
b
lo
ck
O
ed
om
eter
N
y
gard
et
a
l.
(2
0
04a
)
W
iltsh
ire
K
0
T
C
N
y
g
a
rd
et
a
l.
(200
4
b
)
K
im
m
erid
ge
B
ay,
–
cored
C
U
-T
C
N
y
g
ard
et
a
l.
(20
0
6)
Isle
of
P
u
rb
eck
,
D
orset
C
rip
p
s
&
T
ay
lo
r
(1
987
)
average
valu
es
from
availab
le
literatu
re
at
th
at
tim
e
T
ab
le
3
.7
:
S
u
m
m
ary
o
f
th
e
p
rev
iou
s
ex
p
erim
en
tal
stu
d
ies
on
K
im
m
erid
ge
C
lay
(B
S
L
:
B
elow
S
ea
L
evel)
A
b
b
rev
ia
tio
n
C
D
:
C
on
so
lid
a
ted
D
rain
ed
C
U
:
C
on
solid
ated
U
n
d
rain
ed
U
U
:
U
n
con
solid
ated
U
n
d
rain
ed
T
C
:
T
riax
ial
C
o
m
p
ressio
n
D
S
B
:
D
irect
sh
ear
b
ox
P
L
:
P
late
L
oad
in
g
test
V
:
vertica
l
sa
m
p
le
H
:
h
orizon
tal
sam
p
le
30 ◦:
sam
p
le
orien
tated
30
to
h
orizon
tal
100
3.2. Kimmeridge Clay
Reference γm PL LL PI Activity CF
[kN/m3] [%] [%] [%] [%]
Simm (1984) – 25 81 56 – –
Crabb & Atkinson (1991) – 27 54 27 – –
Wild et al. (1998) – 33 65 32 – –
Sperrevik et al. (2000) – 26 43 17 – –
Nygard & Gutierrez (2002) KWC – 26 65 39 – –
Nygard & Gutierrez (2002) KBC – 26 49 23 – –
Cripps & Taylor (1987) 20.4 24–46 70–81 24–59 – 57
Table 3.8: Index properties of Kimmeridge clay from the literature
Reference c′peak φ
′
peak φ
′
pr φ
′
r Su
[kPa] [◦] [◦] [◦] [kPa]
Simm (1984) – – – – 60–500
Swan et al. (1989) – – – – 23 103
Crabb & Atkinson (1991) 5 26 22 – –
Leddra et al. (1992) 20 – –
Sperrevik et al. (2000) – – – – 370
Nygard & Gutierrez (2002) KWC 580 14 15 – 850–40 103
Nygard & Gutierrez (2002) KBC 4 103 21 17 – 2 103–30 103
Cripps & Taylor (1987) 14–67 14–23 – 10–18 70–500
Table 3.9: Shear strength properties of Kimmeridge clay from the literature (KBC: Clay
from Kimmeridge Bay, KWC: clay from Westbury Quarry)
Stiffness and strength
Most of the studies presented focused on the behaviour of the mudrock under the North
Sea. Even when the samples came from onshore sites, the stress range of their tests was
much higher than that in the present study, in the order of the tens of MPa, compared
to the engineering range of 100 to 300 kPa considered by the Author.
The shear strength properties of Kimmeridge clay reported from the literature are
presented in Table 3.9. The range for peak φ′ (14 to 26◦) is rather lower than that of
Oxford and Gault clay. However, this may be linked to the higher stress range of the
tests performed. Crabb & Atkinson (1991) used a lower stress range, similar to the one
used in this study, and obtained slightly higher φ′ values. Residual shear strengths fall
around half those at peak.
Kimmeridge clay from Kimmeridge Bay and Westbury quarry The most de-
tailed analysis available on Kimmeridge clay comes from a research project comparing
the properties of the clay from the two sites cited above (Nygard & Gutierrez, 2002; Ny-
gard et al., 2004b,a, 2006). The two deposits experienced different burial histories. The
clay from Kimmeridge Bay (referred as KBC) had a maximum burial depth estimated as
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1.7 km, and as a result has been more exposed to high pressures, chemical precipitation
and cementation (Nygard et al., 2004b). On the other hand, the maximum burial depth
of the clay from Westbury Quarry (referred as KWC) is thought to be about 0.5 km.
High pressure oedometer tests suggest that the lower porosity and stiffer behaviour in
compression of the KBC is not solely due to mechanical compaction, but also to the
higher degree of cementation, as compression of KWC to high stress did not bring it to
the same state as KBC (Nygard et al., 2004a). The strength properties of the soils were
also explored with undrained shear tests in high pressure triaxial cells. At the lower
end of the stress range investigated (1 to about 20 MPa), the behaviour is very brittle
with a rapid strain softening after peak, as shown in Figure 3.24 (Nygard et al., 2006).
Three modes of failure are observed: tensile failure at very low stress, changing with
increasing effective stress to mixed tensile and shear failure planes, and finally shear
planes at higher stress level.
Anisotropy There is very little information available on the anisotropy of Kimmeridge
clay. Swan et al. (1989) presented results from tests on vertically and horizontally cut
samples from Kimmeridge Bay. The undrained strength was found to be lower for the
horizontally cut samples, giving Su around 16 MPa compared to 23 MPa for vertically cut
samples at p′ = 0. The reverse was observed for the Young’s moduli where the horizontal
values is about 2-3 the vertical. In terms of stiffness anisotropy, Hornby (1998) performed
seismic testing on Kimmeridge clay from the North Sea. The velocities of P-waves and
two types of S-wave (with different polarization direction) were measured in samples
trimmed vertically, horizontally and at 30◦ in order to determine the cross-anisotropic
elastic parameters. As illustrated in Figure 3.25, a strong anisotropy was observed for
the shear stiffnesses with Ghh values double those for Gvh.
3.2.3 Sampling site
Samples of Kimmeridge clay were obtained from two 14 m deep rotary cored boreholes
undertaken for this project at a site near Steventon, Oxfordshire in July 2009. Access to
the site and sampling was kindly granted by the owner of the land, Mr. Neil Walker. A
seismic CPT investigation was also performed at the site by ‘In Situ Site Investigation’,
who also provided a seismic Marchetti dilatometer (seismic DMT) profile. The rotary
coring sampling procedures are detailed in Chapter 5.
Location and geology
The sampling site is situated along a road connecting Steventon to East Hanney, as
presented in Figure 3.26. The two sampling boreholes, and three of the CPTs (CP1, CP2
and CPT4) were situated within a few meters of each other in the corner of cultivated
field, as seen in Figure 3.27. The CPT investigation was performed before sampling in
order to determine the site suitability. Another possible sampling location, a few hundred
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meters away, was explored with CPT3, but was not adopted due to the presence of a
hard cemented band in the target sampling horizon.
The site is situated in a wide valley. The base of the valley is composed of Gault and
Kimmeridge formations, the sides being formed of the Chalk in the southern slope and
of the Corrallian Group and West Walton formation on the northern one (Wilkinson,
2011). The beds are dipping gently at 2◦ to the South-East. The Cretaceous formation,
comprising Gault clay and the Lower Greensand, lies unconformably on the Kimmeridge
clay. It is likely that the top of the Kimmeridge clay is an old erosive surface (Wilkinson,
2011). A tributary of the River Thames, the River Ocks, passes through the valley.
River deposits such as alluvium, sand and gravel cover much of the base of the valley
(Wilkinson, 2011).
Unfortunately, there is no information publicly available at the site to determine if
joints and fissures are present in the material and their orientation.
The geological profile of the site is presented on Figure 3.29. Based on observation
of the borehole cores, Wilkinson (2011) estimates that the weathering extends to 4.2 m
depth. Below this, there is first a fine grained layer whose shell content increases with
depth. Between 5 and 8 m depth, alternating layers of fine grained and coarser materials
are present, with at around 8 m a hard band of carbonate rich sand which is partially
cemented, as visible on the CPT trace in Figure 3.29 (Wilkinson, 2011). Below this
band, between 9 and 14 m the material is more uniform. The mudrock is fine grained
at this range, and contains lenses of silty material as well as numerous shell bands (see
Figure 3.28). The silt and sand content increased slightly below 12.53 m.
As the site is situated next to a cultivated and drained field, the water table is
maintained at a stable level of about 1 m BGL. Conditions are assumed to be hydrostatic
below the water table.
Material properties
Profile The profile of the site is presented in Figure 3.29 and Figure 3.30. Unfortu-
nately, the only previous data available near the site are from the site investigation for
the Upper Thames Reservoir, which is not publicly available at this time. Therefore, the
profile data for Kimmeridge clay is limited to the data obtained in the present study,
from the drilling of the boreholes, the CPT and DMT investigations.
The profiles for CPT qc, Gvh and Su values from DMT correlate well together, and
with the geological profile. Between 0 and 5 m depth, Su increases with depth until
reaching a stable value, probably reflecting the gradual reduction of weathering effects.
Between 5 and 8 m, sharp jumps in strength and stiffness are seen, showing the presence
of alternate layers of cemented materials. This zone ends with a hard cemented band
exhibiting significantly higher values of stiffness and strength. The zone below 8 m is
much more homogeneous, with a gentle increase with depth of strength and stiffness.
Table 3.10 presents the variation of organic content and specific gravity with depth
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Depth Organic content Specific gravity
[m BGL] [%] [Mg/m3]
3.145 1.39 2.68
6.64 9.27 2.47
9.05 5.91 2.5
12.675 5.12 2.61
Table 3.10: Variation of organic content and specific gravity at Steventon site (Tests
conducted for the project by Concept (2010))
at the sampling site. While the data is clearly limited, it reflects the homogeneity
of the deepest layer, with organic content around 5-6 % and grain specific gravity of
2.5− 2.6 Mg/m3 below 8 m depth. The specimens tested by the Author were taken at
depths between 11 and 12 m.
Mineralogy and structure The mineralogy of samples situated below the hard ce-
ment band are given in Table 3.5 and Figure 3.31. The predominant mineral is clearly
quartz, which comprises more than 60 % in every case, twice that at the other studied
locations (see Table 3.6). According to Wilkinson (2011), the quartz is predominantly
micro-crystalline and the coarse materials are mainly constituted of lithic fragments
which are quartz rich. The samples between 8 and 9 m depth contain about 25 % of clay
minerals, those being in majority illite with a fraction of smectite. The deeper sample
at 13 m has a lower amount of clay minerals, 14 % and an increased amount of quartz.
In the case of Kimmeridge clay, no excavation or trial pit could be dug to observe
the macro-structure of the soil. A few samples from the boreholes were split to look at
the joint and fissure patterns, around 4− 5 m and 9− 10 m depth. The material from
4− 5 m revealed two main sets of discontinuities, as shown on Figure 3.32. One set
is composed of sub-horizontal opened fissures with a spacing of around 20 to 50 mm.
Those are likely to be opened bedding features. The second set is less marked, inclined
at 40− 60◦ from the vertical with a similar spacing. Small shell fragments are also
present. At 9− 10 m depth, the spacing of the horizontal features seems to increase to
50 mm or more and they appear more closed. The set at 40− 60◦ is still present with
the same spacing, although more variation in the orientation is observed in this case (see
Figure 3.32). One sub-vertical fissure is also visible suggesting that its spacing is higher
than 50 mm. Larger shells are apparent.
Wilkinson (2011) studied the micro-structure of the soil at two depths, 8.54 and
12.71 m, with the help of SEM imaging techniques. Based on his analysis, the specimens
do not exhibit any specific preferred particle orientation on average, as pictured on
Figure 3.17, although some preferred orientation was seen in a few samples. The clay
contains silt grains and micro-fossils which are usually coated in fine grained material.
Wilkinson (2011) related the lack of preferred particle orientation in Kimmerdige clay
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to its lower clay content and the presence of the silt-size particles which prevent the
alignment in the horizontal direction. Small joints are also observed. They are often
present along shells, suggesting that the interfaces between the shells and the clay matrix
are a source of weakness (Wilkinson, 2011).
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Figure 3.21: Burial history of the Kimmeridge clay from Steventon (modified from
Wilkinson (2011)) AFTA: Apatite Fission Track Analysis
(a) Sample from Kimmeridge Bay (b) Sample from Westbury quarry
Figure 3.22: SEM images of the structures of Kimmeridge clay from two location in UK
(Nygard et al., 2004b)
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(a) Samples from Kimmeridge Bay (b) Samples from Westbury quarry
Figure 3.23: Histograms of Kimmeridge clay particle orientation based on SEM images
analysis (Nygard et al., 2004b)
(a) Samples from Kimmeridge Bay (b) Samples from Westbury quarry
Figure 3.24: Stress-strain response of Kimmeridge clay in undrained triaxial compression
tests at a range of confining stresses (Nygard et al., 2006)
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Figure 3.25: Variation of dynamic shear stiffnesses with confining pressures, measured
on Kimmeridge clay samples from the North Sea with ultrasonic piezo-electric elements
(data from Hornby (1998))
Figure 3.26: Location of the Kimmeridge clay sampling site relative to Steventon, Ox-
fordshire (Map data ©OpenStreetMap Contributors (2011))
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Figure 3.27: Map of Kimmeridge Clay sampling site (modified from Wilkinson (2011))
Figure 3.28: Example of shells bands (S) and silt lenses (L) on a sample of Kimmeridge
clay from WBF2 at 11.82− 12.06 m depth BGL (Wilkinson, 2011)
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Figure 3.29: Profile of Kimmeridge clay with depth at the sampling site (Abbreviation:
G: Grey, Br: Brown, Y: Yellow, Dk: Dark, Lt: Light, W: White)
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Figure 3.30: Profile of Kimmeridge clay with depth at the sampling site (Abbreviation:
G: Grey, Br: Brown, Y: Yellow, Dk: Dark, Lt: Light, W: White)
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Figure 3.31: Variation with depth of bulk mineralogy of Kimmeridge clay at Willowbrook
farm (data from Wilkinson (2011))
(a) 4 − 5 m depth (b) 9 − 10 m depth
Figure 3.32: Macro-fabrics of untested rotary cored samples of Kimmeridge clay from
Willowbrook farm. Natural discontinuities are outlined in dotted lines. (Note that two
parts of the same surface are shown in the pictures)
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3.3 Gault clay
The Gault clay has two main outcrops within the UK. As shown on Figure 3.2, one of
them runs along side the Oxford clay outcrop, extending diagonally from North-East to
South West of the Midlands. The second one in the South-East circles around the rim
of the Weald. It was deposited during the Lower Cretaceous, around 100 to 110 Ma. Its
maximum thickness is 75 m in the south east outcrop. The samples used in this research
came from the west of Midlands outcrop, at a site near to Cambridge.
3.3.1 Geology
Geological history
Deposition The Gault Clay was deposited during a marine transgression, in a shal-
lower and smaller ocean than that existing during the Jurassic. Variations in water
depth across the UK led to varying deposits: from predominantly clay like materials
in the South-East, corresponding to Gault Clay, to mainly sandy deposits in the West,
which are harder to distinguish from the upper Greensand (Wilkinson, 2011).
The clay was deposited in the Middle and Late Albian. The variability across the
UK results in the existence of various classification systems which are specific to certain
areas (Wilkinson, 2011). As the samples used in this research came from a site close
to Cambridge, the classification for East Anglia is considered here. Gault is usually
separated into Upper and Lower Gault, corresponding respectively to deposition in the
Late and Middle Albian. The samples obtained in this research come from the Upper
Gault.
Burial and uplift The Gault was deposited after the Jurassic mudrocks, and so
shares their later burial history. The same studies were used to determine its history as
presented in Figure 3.33. The thickness of sediment separating Gault from Oxford clay
is about 250 m, which therefore corresponds to the difference in overburden between
the clay (Wilkinson, 2011). Once again, large uncertainties exist with regard to burial
history. From stratigraphic evidence, the maximum depth of burial of the Gault near
Cambridge is at least 300 m while thermal analyses indicate values as high as 870 m.
Mineralogy and structure
The variations of the Gault clay across the UK are reflected in its mineralogy. In the
South-East, the material is mainly smectite-illite rich while it changes to a predominantly
kaolin-illite assemblage in the North-East (Wilkinson, 2011) (see Figure 3.34). The
calcium carbonate (calcite) content of the Gault is not uniform either, ranging from
10 % up to 40 % (Marsh & Greenwood, 1995). Near Cambridge, the calcite content is
usually high, around 30 % (Samuels, 1975; Ng et al., 1995; Pennington et al., 1997). The
clay also contains pyritic and phosphatic nodules (Wilkinson, 2011). The Gault clay is
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often described as having closely spaced fissures and joints (Parry, 1988; Lings et al.,
1991; Ng et al., 1995; Marsh & Greenwood, 1995), but their orientation is not detailed
by these authors. Butcher & Powell (1995) report a reduction of spacing with depth at
High Cross, Cambridge, contrary to usual observation in stiff clays.
3.3.2 Mechanical properties
While the outcrop of Gault is limited in England, it has been important to several large
infrastructure projects, such as the M11, M20, M25 motorways. Numerous studies are
available in the literature as presented in Table 3.11 and 3.12. In view of the previous
section, which highlights the non-uniformity of the Gault deposit across the UK, this
section concentrates on the properties of Gault clay nearby Cambridge. The samples
used in this research were retrieved from High Cross, a site situated west of Cambridge
as mapped in Figure 3.35. It should be noted that the site has been used for research
since the 1970s, and is sometimes referred to as Madingley in the literature. For the
sake of consistency, it is always referred to as High Cross in the remainder of this thesis.
Index properties
The index properties of Gault clay are presented in Table 3.13. There is consistency
between the different studies in the Cambridge area, showing a high plasticity clay with
plastic limit around 30±5 % and liquid limit around 60-90 %. This results in plasticity
index varying from 40 up to 85 %.
Strength and stiffness
As shown in Table 3.12, many of the studies on Gault clay around Cambridge concentrate
on in-situ testing with CPT, self-boring pressuremeter, dilatometer and plate loading
tests to obtain strength and stiffness parameters. A great part of the available laboratory
data originated from commercial tests. Most of the triaxial tests were conducted without
local instrumentation, on probably relatively poor quality samples obtained at best from
pushed-in samplers and thin walled tubes. Driven U100 techniques were used in most
cases.
Shear strength The shear strength parameters obtained from previous studies are
presented in Table 3.14. The higher quality studies concentrated on small strain be-
haviour and the data presented on shear strength is fairly limited. Most authors simply
present profiles of Su with depth.
Parry (1988) presents stability analyses of slopes alongside the Bin Brook channel,
situated south east of High Cross, as seen on Figure 3.35. Su profiles at Bin Brook and
High Cross (see Figure 3.36 for High Cross) were obtained by triaxial compression and
shear vane tests. φ′p from drained triaxial tests are also given, ranging from 21 to 28◦,
and values obtained from back analysis of first time slope failure along the channel lie
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Reference γm PL LL PI Activity CF
[kN/m3] [%] [%] [%] [%]
Parry (1988) – 25–33 72–85 42–85 – 55–70
Lings et al. (1991) 20 28–35 68–82 – – –
Ng & Lings (1995)
Ng et al. (1998)
Butcher & Lord (1993) 17-20 26–33 67–81 40–53 0.6–0.95 50–72
Cripps & Taylor (1987) 19–21 18–36 60–120 27–55 – 38–60
Table 3.13: Index properties of Gault clay from the literature
Reference c′peak φ
′
peak φ
′
pr φ
′
r Su ( 10− 12 m BGL)
[kPa] [◦] [◦] [◦] [kPa]
Parry (1988) 5–20 21–28 – – 90–120
Lings et al. (1991) – 34 24 – 90–180
Ng & Lings (1995)
Ng et al. (1998)
Houlsby & Withers (1988) 110–180
Coop & Wroth (1989) – – 21–24 – 110–180
Butcher & Lord (1993) – – – – 130–160
Cripps & Taylor (1987) – 19–53 – 12–19 56–1280
Table 3.14: Shear strength properties of Gault clay from the literature
at the lower ends of this range. Coop & Wroth (1989) and Houlsby & Withers (1988)
report similar Su profiles at High Cross obtained by various techniques (see Figure 3.37).
Table 3.14 presents the range of Su for Gault at about 10 m depth from several
studies. Although obtained by different methods, the range is reasonably consistent,
between 100 and 180 kPa. The relatively wide span of measurements probably reflects
factors such as scale effects (including influence of fissures), sample quality, method
of testing, and the difficulty of defining Su. Few studies give effective stress strength
parameters. All of the triaxial results were obtained from vertically cut samples. There
is no information on the possible shear strength anisotropy.
Stiffness The determination of small strain behaviour has been the main subject of
interest so far in recent research on Gault clay.
Butcher & Powell (1995) present profiles of shear wave velocity (and from these shear
modulus) at High Cross obtained by five different seismic in-situ techniques: downhole
tests, two different types of crosshole tests, refraction studies and Rayleigh waves. Ve-
locities obtained from alternative techniques were found to be very different (see Fig-
ure 3.43). Butcher & Powell (1995) attributed this result to the stiffness anisotropy of
the soil. Indeed, for each method, the direction of the wave and its polarisation vary:
downhole measures vertically travelling waves polarized horizontally (Vvh), crosshole are
travelling horizontally with either vertical (Vhv) or horizontal polarization (Vhh). They
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Parameter Value Estimated error [%]
E′v 550 ±20
E′h 2186 ±5
µ′vh 0 –
µ′hh -0.04 ±125
Ghv 507 ±3
Ghh = Eh/(2(1 + µhh)) 1140 ±3√
E′h/E′v 2.0 –
Ghh/Gvh 2.25 –
Table 3.15: Small strain elastic properties of the Gault clay at High cross normalised by
p′0 (value of p′ at the start of a probe) from Pennington (1999)
also found that the shear stiffness variation with stress level was dependent on the normal
stresses acting in the directions of propagation and polarisation.
At the beginning of the 90s, a three-story underground car park was excavated in
Gault clay at Lion Yard, in the center of Cambridge (see Figure 3.35). The 10 m excava-
tion was constructed with a top-down method, and the site was instrumented to measure
the response of the diaphragm wall and the soil heave at the center of the excavation as
seen on Figure 3.38 (Lings et al., 1991). Based on geophysical measurements from the
High Cross site and back analysis of the field monitoring with a non-linear numerical
model, Ng et al. (1995) concluded that the Gault Clay is highly non-linear and that Y1
is engaged around 10−3 % of shear strain. The lack of data available on the stiffness
of Gault clay for the numerical analysis prompted several laboratory studies on this
subject. Dasari & Bolton (1998) performed triaxial tests on samples from High Cross
with local instrumentation. The stiffness curves obtained from theses tests were found
to be consistent with the one obtained by Ng et al. (1995).
Similarly, Pennington (1999) studied the stiffness anisotropy of the material using
a triaxial cell mounted with bender elements (BE). Three bender element set-ups were
installed in the cell to measure independently Gvh, Ghv and Ghh, as well as local Hall ef-
fect gauges to measure axial and radial displacements. The five parameters of the elastic
cross-anisotropic model could therefore be obtained from the tests. The approach used
was similar to that of Pierpoint (1996) for Oxford clay, with multi-probes performed
on the same sample which had been previously re-consolidated to its estimated in-situ
stress state. As shown in Figure 3.39, a variety of stress probes was performed at either
constant p’, q, σ′v or σ′h, over different ranges of stress. This increases the difficulty in
interpreting their results as different yield surfaces would have been engaged depending
on extent of the stress probes. Moreover, as the resolution of their local strain instru-
mentation was similar to that of Pierpoint (1996), it is again unlikely that they captured
the linear range. The normalised anisotropic elastic parameters obtained are presented
in Table 3.15, indicating strongly anisotropic behaviour. As expected, the response in
the horizontal plane is much stiffer for both Young’s Modulus and shear modulus.
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3.3.3 Sampling site
Two sampling campaigns were performed for the Gault clay in the present project.
Eight cubical block samples were retrieved first in August 2008 from a purpose made
3 m deep excavation. Noting the degree of disturbance by vegetation and other factors
at this depth, fresh samples were subsequently obtained from two 14 m deep rotary
cored boreholes drilled in July 2009 at the same site. CPT investigations were also
performed by ‘In Situ SI’. The sampling site, named High Cross, belong to the University
of Cambridge and access to the site was organised by Professor Malcolm Bolton and Mr.
Brian Lee and supervised by the Clerk of Works Mr. Andrew Merrick.
Location and geology
High Cross is situated about 3 km west of Cambridge (see Figure 3.35). As seen in
Section 3.3.2, the site has been extensively used for studying the properties of Gault
clay. The location of the two sampling campaigns were chosen so as to avoid the previous
research site positions (see Figure 3.40) and respect restrictions concerning the wildlife
and services at the site.
The site lies in an old river valley, between two chalk outliers (Wilkinson, 2011). The
bedding dip is small, about 1− 2◦ towards South-East (Wilkinson, 2011). The thickness
of Gault is about 40 m at the site (Butcher & Lord, 1993).
As seen on Figure 3.40, the block samples were retrieved in an area that had become
covered by shrubs and low trees (3 to 5 m height) over recent years. These were cleared
around the excavation site shortly before sampling. The blocks revealed themselves to
be weathered, with the presence of pyritic nodules presenting a rust color. They were
also found to be highly affected by the action of trees: not only were roots visible in
the samples, affecting the macro-structure of the soil, but extremely high suctions were
observed in the blocks. The effects of trees on the material behaviour is clearly visible
when comparing the CPT results obtained in the forest area (CPT 1 to 3 on Figure 3.40)
and the ones from a clear area south of the site (CPT REF 1-2 on Figure 3.40) as shown
in Figure 3.41. Those observations prompted the second sampling campaign to obtain
unweathered samples which would be less affected by the trees (see Figure 3.40). While
the properties of the weathered material has been studied by other researchers in this
project on stiff clays (Wilkinson, 2011; Hosseini Kamal, 2012), the research presented in
this thesis concentrated on the unweathered Gault clay obtained from the two boreholes
HC1 and HC2. Only the properties of the borehole material is discussed below.
The geological profile obtained from the boreholes and CPT investigations is pre-
sented in Figure 3.42. It consists schematically of weathered Gault clay to a depth of
about 7 m and then unweathered material. The weathered clay is mottled with patches
of yellow material and the joint surfaces contain higher concentrations of sand particles
than the rest, as well as in some cases selenite crystals (Wilkinson, 2011). At about 7 m
depth, a significant loss of drilling flush was observed during the drilling of the bore-
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holes, suggesting the presence of open joints in the clay below. This was corroborated
by holes appearing on the sides of the cores, interpreted as wedged failure due to joints
(Wilkinson, 2011). Due to infiltration of drilling flush in the joints, the jointed surfaces
sometimes filled with softer material.
Phosphatic nodules are present thorough the boreholes, sometimes randomly dis-
persed, other times within specific horizons, which are assumed to be relict of erosive
features (Wilkinson, 2011). The hydrogeological conditions vary with the location: un-
der the tree area, the water table was low, at about 6− 7 m depth while it was much
closer to the surface in the borehole zone, at about 1 m depth. Based on the literature,
hydrostatic conditions were assumed in the borehole zone.
Material properties
Profile Figure 3.42 and 3.43 present profiles of the mechanical properties of the ma-
terial. The samples tested in this thesis were taken from depths between 9 and 12 m, in
the unweathered Gault.
As visible in Figure 3.42, the properties of Gault are more consistent with depth
than was observed for Oxford Clay. Indeed, the water contents fall within a narrow
band between 25 and 35 %, showing a slight trend to reduce with depth. Similarly, after
varying in the first few metres, the bulk density settled to around 1.9 Mg/m3. The data
from the present study are in good agreement with previous measurements at the site
as shown in Figure 3.42.
The CPT trace presented on Figure 3.43 corresponds to an area devoid of trees (CPT
REF 1). An interesting feature is the sudden increase in sleeve friction seen at about
6− 7 m depth, although Wilkinson (2011) could not relate it to any visible feature in
the core. Concerning the shear stiffness variation presented in Figure 3.43, there seems
to be a discrepancy at shallow depth between the Gvh profile presented by Butcher &
Powell (1995) and the seismic CPT Gvh tests performed for this study. However, the
later data were obtained from CPT2 and CPT3, which were situated under the trees.
The Gvh variations at shallow depth reflects the cone resistance trends, suggesting that
the elevated shear stiffness is also an effect of the high suction in the root zones found
at that depth. Below 6 m depth, the two sets of data are in good agreement.
Table 3.16 presents the variation of organic content and specific gravity with depth.
As with the other parameters, those are generally stable with depth, with a far lower
organic content (0.8 %) than the other two mudrocks and a higher specific gravity of
2.6 Mg/m3.
Mineralogy and structure The variation of bulk mineralogy with depth is presented
in Figure 3.44. As expected from previous research, a high percentage of calcite is
present, amounting to about 30 % for the unweathered clay. A similar amount of quartz
is observed. The clay minerals are principally inter-layered smectite and illite (Wilkinson,
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Depth Organic content Specific gravity
[m BGL] [%] [Mg/m3]
3.445 0.79 2.57
6.47 0.71 2.59
8.93 0.84 2.59
12.08 0.79 2.6
Table 3.16: Variation of organic content and specific gravity at High Cross (Tests con-
ducted for project by Concept (2010))
2011). The shallower samples present signs of weathering, with low levels of calcite and
higher smectite levels. Another change was observed between 10 and 13 m, with a
significant reduction of smectite. Wilkinson (2011) correlates this change to a transition
in core colour from light grey to darker grey.
As with Kimmeridge clay, the macro-structure of the Gault clay was studied by
breaking up rotary cored samples. The fabric was found to be quite variable between
8 m and 13 m depth. At 8 m, the samples presented relatively few discontinuities as
shown on Figure 3.45 with three sets: one sub-vertical, one at 40− 50◦ from the vertical
and the last at 70− 80◦. It was not possible to determine their spacing accurately, but it
is likely to be higher than 100 mm. However, over the 10− 11 m range, a high density of
fissures was observed. They can be separated in two types as pictured in Figure 3.45. The
first type are larger fissures that appear to extend from several tens to hundreds of mm
and form large planar surfaces. Their spacing is about 20 to 50 mm. Sub-horizontal and
sub-vertical inclinations are observed, as well as a few intermediate inclinations (around
25◦, 45◦ and 70◦ from the vertical). In-between the large fissures, the soil matrix is
fragmented by small fissures with spacings and lengths of a few millimetres. The small
fissures are not present at 13 m depth, and the spacing of the larger ones seems to have
become larger (see Figure 3.46). Gault clay exhibits a highly variable macro-structure
with depth.
Wilkinson (2011) looked at the micro-structure of vertically and horizontally cut
samples from boreholes HC1 and HC2 taken from 6.82 and 13.46 m depths. The struc-
ture of the samples from 6.82 m depth showed a strongly preferred horizontal orientation,
similar to that observed in Oxford clay (see Figure 3.17). While fossils and shells are
present, they are not aligned with the particles, but rather disturb in the matrix pattern
(Wilkinson, 2011). However, the 13.46 m depth samples did not show any preferred
orientation, as highlighted by the rose diagrams in Figure 3.17. Wilkinson (2011) pos-
tulates that this difference in structure is linked to the higher concentration of coccolith
fossils, which are of similar size as the clay particles and disrupt the orientation of the
later under load.
As the specimens used in this research were taken between 9 and 12 m, and the SEM
images presented only looked at an extremely small portion of the material, it is very
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difficult to extrapolate reliable assessments of their possible structure.
3.4 Summary
This section summarises the findings from the literature on the properties of the three
mudrocks. The oldest clay is the Oxford, followed by the Kimmeridge, both from the
late Jurassic, and finally the younger is the Gault from the lower Cretaceous. All were
deposited in shallow marine environment and followed a similar stress history of progres-
sive burial and subsequent erosion and uplift to the surface. However, great uncertainties
remain concerning their burial history, especially for their maximum depth of burial.
Oxford clay The Oxford clay from the Peterborough Member appears relatively con-
sistent across the Midlands. It is a dark brown very stiff clay with a high organic content
(10 % at the sampling site). Its predominant minerals are quartz and illite (both ≈ 25-30
%) with lower amount of kaolinite and calcite. It is a high plasticity clay (PI ≈ 25-50
%). Its macro-structure is described as highly bedded with a high density of shells. At
the micro-level, its platy clay particles and shells present a strongly preferred orientation
along the the horizontal. Laboratory studies revealed a very brittle material which is
suggested to be strongly anisotropic, both in terms of stiffness and shear strength.
Kimmeridge clay The nature and properties of the Kimmeridge clay vary across
its outcrop and stratigraphy. The formation itself is composed of alternating layers of
mudrocks and limestones. At our sampling site, the clay layers are constituted of a very
dark grey slightly silty clay with a high organic content (5-10 %). It is predominantly
composed of quartz (≥ 60 %) and illite (≈ 20 %) and highly plastic (PI ≈ 30 %). The
material appears relatively fissured (with spacings of about 50 mm) with large shells
present in some layers. In terms of micro-structure, there is no apparent preferred
orientation of the particles. Limited information is available concerning its mechanical
anisotropy.
Gault clay The Gault clay also varies significantly across the UK. At the studied
site, the Upper Gault is a grey slightly silty clay. Its mineralogy is equally divided in
quartz, smectite and calcite (≈ 30 % each). It is a high plasticity clay (PI of 40-50
%). The structure (both macro and micro) vary with the stratigraphy at the site. A
zone displaying a high density of fissures was observed around 10 m depth, while their
spacing is larger at shallower and deeper depths. Strong preferred particle orientation is
observed in the micro-structure at 6 m depth while little is observed at 13 m. Laboratory
studies indicates marked anisotropy in terms of stiffness, but no information is available
on shear strength anisotropy.
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Figure 3.33: Burial history of the Gault clay near Cambridge (modified from Wilkinson
(2011)) AFTA: Apatite Fission Track Analysis
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Figure 3.34: Variation of the mineralogy of Gault clay and Upper Greensand across UK
(Jeans, 2006; Wilkinson, 2011)
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Figure 3.35: Map of the Cambridge outskirt, including High Cross site (Map data
©OpenStreetMap Contributors (2011))
Figure 3.36: Soil profile at High Cross from Parry (1988)
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(a) Coop & Wroth (1989) (b) Houlsby & Withers (1988)
Figure 3.37: Profile of undrained strength at High Cross from the literature (SBPM: self
boring pressuremeter, FPC: cone pressuremeter)
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Figure 3.38: Cross section of the car park excavation and instrumentation at Lion Yard
(Ng et al., 1998)
(a) Test R14 (b) Test R23
Figure 3.39: Stress probes performed for the two main tests on natural Gault Clay by
Pennington (1999) (top: re-consolidation path, bottom: close up on stress probes)
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Figure 3.40: Map of the High Cross site (Map data from ©OpenStreetMap Contributors
(2011); Google Inc. (2010))
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Figure 3.41: Comparison of CPT profiles at High Cross, in the tree area (CPT 01 on
the right) and away from trees (CPT REF 01 on the left)
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Figure 3.42: Soil profile of Gault clay at High Cross (Abbreviation: G: Grey, Br: Brown,
Y: Yellow, Dk: Dark, Lt: Light, W: White)
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Figure 3.43: Soil profile of Gault clay at High Cross (Abbreviation: G: Grey, Br: Brown,
Y: Yellow, Dk: Dark, Lt: Light, W: White)
131
3. UK mudrocks properties
 0
 20
 40
 60
 80
 100
1.635 3.5 6.845 10.005 13.46
Mi
ne
ral
s [
%]
Depth [m]
Pyrite
Fe dolomite
Calcite
Chlorite
K feldspars
Quartz
Kaolinite
Smectite rich: illite-smectite
Illite rich: Illite-smectite
Illite and mica
Figure 3.44: Profile of the mineralogy of Gault clay at High Cross (data from Wilkinson
(2011))
(a) 8 − 9 m depth (b) 9 − 10 m depth
Figure 3.45: Macro-fabric of rotary cored samples of Gault clay from High Cross. Natural
discontinuities are outlined in dotted lines. (Note that two parts of the same surface are
shown in the pictures)
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Figure 3.46: Macro-fabric of rotary cored samples of Gault clay from 13 m depth at High
Cross. Natural discontinuities are outlined in dotted lines. (Note that two parts of the
same surface are shown in the pictures)
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Chapter 4
Apparatus
Hollow cylinder apparatus were first used to test soil in 1936 (Cooling & Smith, 1936).
Since then, it has been gaining popularity as a tool for advanced testing of soil. This
chapter presents first the necessary background to understand the analysis of hollow
cylinder tests, with the assumptions involved and their limitations. It then describes the
two specific HCAs used in the present study: the Imperial College Resonant Column
HCA (ICRCHCA) and the Mark II ICHCA. The final part of the chapter focuses on the
resonant column system used alongside the ICRCHCA.
4.1 Calculation of stress and strain
Experimental soil element testing aims to represent the stress and strain state of a single
element of soil in each test. To do this it is desirable to have as uniform a distribution
of stress and strain within the sample as is possible.
However, this ideal case is usually not attainable in practice, and some sources of
non-uniformities are always present. This is especially true in the case of the HCA where
the geometry of the sample and the stress state applied generate non-uniformities. Aver-
age values of stress and strain are therefore used in order to represent the soil behaviour
within the sample. The resolution of strain and stress in a hollow cylinder is a statically
indeterminate boundary value problem which can not be solved with equilibrium and
compatibility equations only. The assumptions used to solve this problem and to calcu-
late the averages are presented in the next subsection and the resulting equations in the
following one.
4.1.1 Assumptions
In order to determine the stresses and strains within a hollow cylinder specimen, it is
necessary to assume conditions on their variation based on the geometry of the problem.
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Assumptions on displacement
The following conditions are supposed concerning the deformation of the sample (Nishimura,
2006):
 The symmetry around the vertical axis is kept. Therefore, all displacements are
independent of θ:
∂uz
∂θ
= 0
∂ur
∂θ
= 0
∂uθ
∂θ
= 0 (4.1)
 A horizontal cross-section stays in an horizontal plane, and as a results axial dis-
placement is independent of r:
∂uz
∂r
= 0 (4.2)
 It is assumed that during rotation a vertical plane stays planar and therefore the
circumferential strain uθ variation are supposed to be linear with r and z:
∂uθ
∂r
= constant
∂uθ
∂z
= constant (4.3)
Assumptions on stress
In term of stress, we have the following assumptions (Nishimura, 2006):
 Assuming that the side membranes do not transmit shear and neglecting any effects
of restraint at the end, there is no shear stress in the radial and circumferential
direction:
τzr = 0 τrθ = 0 (4.4)
 The axial stress is uniformed over a horizontal cross section:
∂σz
∂r
= 0
∂σz
∂θ
= 0 (4.5)
 The circumferential stress does not vary with z and θ:
∂σθ
∂z
= 0
∂σθ
∂θ
= 0 (4.6)
 z and θ have no influence on the variation of the shear stress:
∂τzθ
∂z
= 0
∂τzθ
∂θ
= 0 (4.7)
 The only volumetric force is gravity.
4.1.2 Analysis of stress and strain
Several options are available for calculating the stress and strain in a HCA, depending
on the chosen constitutive model and average scheme.
Analysis made in prior studies at Imperial college involved averaging across the wall.
An other possibility is to average over the volume of the sample. However, Sayao & Vaid
(1991) showed that the two types of average differ by no more than 2 %.
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The constitutive law used historically at Imperial College is the isotropic linear elastic
model, except for the shear stress which is perfectly plastic. However, the equations
remain valid for a cross-anisotropic linear elastic model (Nishimura, 2006). Regarding
the shear stress, it has been argued that using perfect plasticity was inconsistent with the
assumption made for the other stresses and linear elasticity should be used instead (Sayao
& Vaid, 1991; Wijewickreme & Vaid, 1991). However, as highlighted by Hight et al.
(1983) and Nishimura (2006), using perfect plasticity in conjunction with Equation 4.9
for shear strain verifies the elastic energy equation.
In the light of those arguments, and considering consistency with previous researches
on similar type of soils at Imperial College (Nishimura, 2006; Anh-Minh, 2007), the
equations proposed by Hight et al. (1983) and repeated below were chosen.
Stress
 Axial stress:
σz =
∫ H
0 σzdz∫ H
0 dz
=
Fa
pi(r2o − r2i )
+
por
2
o − pir2i
r2o − r2i
(4.8a)
 Radial stress:
σr =
∫ ro
ri
σrdr∫ ro
ri
dr
=
poro + piri
ro + ri
(4.8b)
 Circumferential stress:
σθ =
∫ ro
ri
σθdr∫ ro
ri
dr
=
poro − piri
ro − ri (4.8c)
 Shear stress:
τzθ =
MT∫ 2pi
0
∫ ro
ri
r2drdθ
=
3MT
2pi(r3o − r3i )
(4.8d)
where
Fa and MT are respectively the axial force and the torque measured at the top or
bottom of the sample
po and pi are respectively the outer and inner pressure
ro and ri are respectively the outer and inner radii
H is the height of the sample
as presented on Figures 4.1 and 4.2.
Strain
 Axial strain:
εz =
∫ H
0 εzdz∫ H
0 dz
= −∆h
H
(4.9a)
 Radial strain:
εr =
∫ ro
ri
εrdr∫ ro
ri
dr
= −∆ro −∆ri
ro − ri (4.9b)
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 Circumferential strain:
εθ =
∫ ro
ri
εθdr∫ ro
ri
dr
= −∆ro +∆ri
ro + ri
(4.9c)
 Shear strain:
γzθ =
∫ 2pi
0
∫ ro
ri
γzθrdrdθ∫ 2pi
0
∫ ro
ri
rdrdθ
= −2∆θ(r
3
o − r3i )
3H(r2o − r2i )
(4.9d)
In the rest of this thesis, the symbols σ, τ , ε, γ refer to the average values calculated as
presented above, unless explicitly stated otherwise.
Stress and strain parameters
Several useful stress and strain parameters can be obtained from the average values
presented above: principal stress and strains, invariants, etc. The relationships between
the different parameters are detailed below.
Principal stress and strain The principal stress and strain can be obtained easily
from their respective Mohr’s circle as shown in Figure 4.3. It should be noted that in this
research, the intermediate principal stress σ2 was always imposed to be radial. However,
this is not necessarily the case under more general conditions.
σ1 =
σz + σθ
2
+
√(
σz − σθ
2
)2
+ τ2zθ (4.10a)
σ2 = σr (4.10b)
σ3 =
σz + σθ
2
−
√(
σz − σθ
2
)2
+ τ2zθ (4.10c)
ε1 =
εz + εθ
2
+
√(
εz − εθ
2
)2
+
(γzθ
2
)2
(4.11a)
ε2 = εr (4.11b)
ε3 =
εz + εθ
2
−
√(
εz − εθ
2
)2
+
(γzθ
2
)2
(4.11c)
Other stress parameters The state of the sample can also be defined by 4 indepen-
dent stress invariants instead of σz, σr, σθ and τzθ:
α the angle between the direction of the major principal stress and the vertical
b the intermediate principal stress factor
q the deviatoric stress
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p the mean stress
Those are defined in the following equations:
α =
1
2
tan−1
(
2τzθ
σz − σθ
)
(4.12a)
b =
σ2 − σ3
σ1 − σ3 (4.12b)
q = σ1 − σ3 (4.12c)
p =
σ1 + σ2 + σ3
3
(4.12d)
The automatic control of the the stress state is defined in the σz, σr, σθ and τzθ space.
As most of the stress paths followed are defined in the space of α, b, p and q, it is useful
to consider the relationship between the two sets:
σz = p− 1
3
q
(
b− 1
2
)
+
1
2
q cos(2α) (4.13a)
σr = p+
2
3
q
(
b− 1
2
)
(4.13b)
σθ = p− 1
3
q
(
b− 1
2
)
− 1
2
q cos(2α) (4.13c)
τzθ =
1
2
q sin(2α) (4.13d)
Other commonly used stress parameters are:
t =
σ1 − σ3
2
(4.14a)
s =
σ1 + σ3
2
(4.14b)
φ′ = sin−1
(
t
s′
)
(4.14c)
Sample dimension
As seen in Equations 4.8 and 4.9, in order to calculate the stress and strain state in the
specimen, the current dimensions of the sample are needed. These are obtained from
measurements of the axial displacement ∆H, the sample volume change ∆V and the
inner cell volume change ∆Vi using the following equations (variables with subscript 0
represent initial values):
H = H0 −∆H (4.15a)
ri = ri0
√
1−∆Vi/Vi0
1−∆H/H0 (4.15b)
ro = ro0
√
1− (∆V +∆Vi)/(V0 + Vi0)
1−∆H/H0 (4.15c)
Where the variations are considered as positive when corresponding to compressive
change, that is to say when height, radius or volume decrease.
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4.1.3 Non-uniformities
Although the HCA is a versatile tool to explore soil properties, as with any other type
of apparatus it has its own bias and limitations. Early studies and reviews of its char-
acteristics have highlighted its main drawbacks (Saada, 1988): the deviation from the
single element model due to the developments of non-uniform distributions of stress and
strain. As explained in Section 4.1, those are a consequence of the sample geometry and
boundary conditions.
Sources of non-uniformities
There are two distinct sources of non-uniformities in a HCA specimens.
The first one is linked to the geometry of the sample, and more specifically to the
curvature of the wall. It generates variations of stress and strain depending on the loading
of the sample. Indeed, the application of different internal and external pressures induces
variations of radial and circumferential stresses (σr and σθ) across the wall. Torsional
loading using rigid platens (as it is the case in most HCAs) also causes variations of shear
stress (τzθ). Consequently, non-uniformities also arise in axial, radial and circumferential
normal stresses under finite torque even when the internal and external pressures are
equal.
The second source is related to the conditions at the ends of the specimen. Indeed,
as it is the case with triaxial tests, friction forces exist at the interface between the
soil and the end platen. More specifically, radial frictional forces arise from the speci-
men deformation, generating unwanted shear stresses in the axial-radial direction (τzr).
The additional stress modifies the circumferential stress and bending moments (Saada
& Townsend, 1981). This phenomenon is known as the end restraint effect. It can be
alleviated in triaxial testing by reducing the friction coefficient of the end platens. How-
ever, this solution is not applicable to HCA where rough platens are necessary to ensure
transmission of the torque to the sample. According to St Venant’s principle, this effect
becomes negligible as one is ‘sufficiently’ far from its source. This means that a carefully
chosen height for the specimen allows to have a central portion of the sample free from
this effect. In triaxial test, a ratio of height to outer diameter higher than 2 is considered
to be sufficient for this purpose.
Numerical studies of non-uniformities
Three factors affect the levels of non-uniformity in a HCA: the stress state, the speci-
mens dimensions and the soil constitutive law. A wide range of numerical studies have
tried to estimate the effects of the different factors. Many focus on defining criteria
for specimen dimensions and/or the stress space available to avoid developing excessive
non-uniformities. For practical reasons detailed later in section 4.2, the dimensions of
the sample used in this study were fixed, and it was not possible to adjust them to
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Parameter ICRCHCA Mark II ICHCA
Hsample/Hcriterion 1.09 1
ri/ro 0.54 0.60
Table 4.1: Evaluation of the two sample geometries used in this study against the criteria
proposed by Saada & Townsend (1981)
reduce non-uniformities. This section presents a brief summary of the conclusions of
those studies and the consequences for the sample geometries used in this research.
An early analysis from Saada & Townsend (1981) based on elasticity theory of thin
cylindrical shells defines the following criteria for the dimensions of the sample:
Hmin ≥ Hcriterion = 5.44
√
r2o − r2i and
ri
ro
≥ 0.65 (4.16)
According to those criteria, the two geometries used in the present research have ad-
equate height but excessive wall curvature, as seen in Table 4.1. However, it should
be noted that any study based on an elastic constitutive law tends to overestimate the
degree of non-uniformities. As seen in previous Chapter 2, for soils, elastic behaviour is
restricted to a small stress zone, and thereafter they behave in an elasto-plastic manner.
This tendency renders the above criteria conservative.
Quantifying non-uniformities Hight et al. (1983) performed a series of analysis
using Finite Elements Methods (FEM) with two-dimensional axis symmetric models.
Two types of constitutive law were investigated: linear elastic and strain-hardening
Modified Cam Clay (MCC). To quantify the degree of non-uniformities, Hight et al.
(1983) introduces the parameter β3 which estimates the amount of deviation of the
stress distribution across the wall to its average:
β3 =
∫ ro
ri
|σ(r)− σ¯|dr
(ro − ri)σL (4.17)
where
σ(r) is the distribution of stress across the wall
σ¯ is the average from the previous distribution across the wall
σL is a measure of the average stress level:
|σr|+|σθ|
2
Figure 4.4 represents the analysis of non-uniformities made by Hight et al. (1983). Those
analysis considered the geometry of the Large Imperial College HCA (LICHCA of O.D.
250 mm, I.D. 200 mm, Height 250 mm) with two different models and took into account
end restraint. Although the geometry used is quite different from the one of the present
study, it is visible that the zones of high non-uniformities tend to concentrate at the end
of the sample. From their analysis, they estimate an acceptable level of non-uniformities
to be defined by the criterion β3 ≤ 0.11. Based on the results, Symes (1983) defined
‘no-go’ zones in the α − b stress space where excessive non-uniformity is expected. As
seen on Figure 4.5, those zones are situated around the two corners (α = 0, b = 1) and
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(α = 90, b = 0). They correspond to zones where high differences between internal and
external pressures are encountered. Symes (1983) recommends avoiding stress paths
that enter those zones.
Sayao & Vaid (1991) and Wijewickreme & Vaid (1991) presented a similar analysis
using respectively a linear elastic and non-linear elastic model. Sayao & Vaid (1991)
defined a new criterion arguing that the non-uniformities of effective stress ratio R is
more relevant to soil behaviour than the stress itself:
βR =
Rmax −Rmin
Raverage
with R =
σ′1
σ′3
(4.18)
Based on the criterion βR ≤ 0.2 for acceptable non-uniformities, Sayao & Vaid (1991)
added an extra ‘no-go’ zone centred on b = 0.5 and α = 45◦ as seen on Figure 4.5. This
zone corresponds to imposition of high values of τzθ to the specimen. However, they
recognized that their linear analysis significantly over-estimate the non-uniformity and
further analysis from Wijewickreme & Vaid (1991) with an incremental elastic hyper-
bolic model demonstrated that the acceptable region of stress space is much larger than
previously thought.
Evaluation of errors All the precedent analyses were concerned with quantifying
the non-uniformity of the distribution with respect to its average, but did not estimate
the deviation of the global average from ideal single element tests. Menkiti (1995)
and Porovic (1995) simulated stress paths in HCA using FEM and interpreted them as
they would for a laboratory test, from global loading and displacement measurements.
The results were compared with the behaviour a single element of soil. The soil was
represented by a Modified Cam Clay model with an associated flow rule. The effects of
end restraint were not considered. Menkiti (1995) used the geometry of the LICHCA
and concluded that the effects of curvature on the stress-strain behaviour are negligible.
He found that using the set of equations presented in Sub-section 4.1.2 leads to good
agreement with the response of the single element.
Series of numerical studies at Imperial College London (Rolo, 2003; Foundoukos,
2006; Zdravkovic & Potts, 2005) extended this treatment with 3D FEM analysis using
the Fourier Series Aided finite Elements Methods (FSAFEM) with a variety of geometries
and constitutive models, taking into account both curvature of the wall and end restraint
effects. Rolo (2003) used a MCC elasto-plastic non-linear model to simulate a range of
tests at b = 0.5 with varying α values. He looked at the generated errors with respect
to the single element behaviour for the LICHCA geometry. Figure 4.6 shows that at a
strain level of around 10 % errors of up to 10 % on t and φ′ can occur depending on the
loading and that the highest degree of error may be expected for α ≈ 0◦.
Consequence for this research
All the above numerical studies show that the sample geometry is one of the determining
factors in estimating non uniformities. To try to estimate the effects of non-uniformities,
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Strain α =0◦ α =30◦
εz 5.4 9.9
εθ -9.2 -4.4
Table 4.2: Errors in % in strain measurements at εd = 10 % obtained from numerical
analysis by Rolo (2003) with end restraint and the following sample geometry: O.D.
100 mm, I.D. 70 mm, Height 200 mm. Shear and radial strain errors were negligible.
α = 0◦ α = 30◦
t 1.0 0.2
p′ 0.3 -0.6
φ′ 1.9 0.9
t
p′ 0.6 0.8
Goct -0.6 0.9
Table 4.3: Errors in % in stress parameter measurements at εd = 10 % obtained from
numerical analysis by Rolo (2003) with end restraint and the following sample geometry:
O.D. 100 mm, I.D. 70 mm, Height 200 mm
the following paragraphs look more closely at some of the analyses made with similar
specimen geometries and test stress paths as the ones employed in the present study.
Mark II ICHCA Rolo (2003)’s work included a series of analyses using a geometry
(O.D. 100 mm, I.D. 70 mm, Height 200 mm) similar to the Mark II ICHCA. He observed
similar tendencies to those noticed earlier for the LICHCA geometry, of higher non-
uniformities at α ≈ 0◦. The effective stress paths from his analyses are presented on
Figure 4.7. Tests taking into account the end restraint led to higher errors with respect to
the ideal model. End restraint also inclined the stress path creating ‘apparent anisotropy’
and could bias interpretations of experimental tests. The errors in strain and stress
measurements are presented in Table 4.2 and 4.3 respectively. At εd = 10 %, which is
the maximum strain level reached in the present study, the errors are still small, within
±2 % for stress parameters and ±10 % for strain parameters.
It is important to note that while the height and outer diameter of the Mark II
ICHCA sample are the same as in Rolo (2003)’s analyses, its wall is thicker (20 mm
instead of 15 mm). Therefore, errors would be expected to be slightly higher for the
Mark II ICHCA case.
ICRCHCA Porovic (1995) presented the results of FEM analysis modelling simple
shear tests with HCA. The same procedure as Menkiti (1995) was used, only changing
the geometry to that of the Imperial College Resonant Column HCA (called ICRC-
HCA). He concluded that even thought the degree of non-uniformities is higher for the
ICRCHCA due to the lower outer radius, the averaged values are still in close agreement
with the single element behaviour in terms of stress-strain and effective stress paths.
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More recently, Zdravkovic & Potts (2005) performed a series of analyses using the same
protocol as Rolo (2003) with various geometries and soil models. One of the geometry
used was that of the ICRCHCA along Lade (1988)’s double hardening model with elas-
tic behaviour before yield. Figures 4.8 and 4.9 present respectively the effective stress
paths and stress strain curves for the ICRCHCA and an ideal single element, taking into
account the end restraint as well as the wall curvature. It can be seen that the behaviour
of the RCHCA deviates from the single element and can lead to errors of up to 10 % in
terms of stress. A similar level of error is observed for the small strain shear stiffness
Gzθ in Figure 4.10. As the ICRCHCA has the smallest outer diameter for a similar wall
thickness, of the two HCAs used in the present study, it is expected to be affected more
by non-uniformities.
It is important to recall that even with an accurate geometry and 3D FEM model
taking into account both the effects of the curvature of the wall and of the end restraints,
the level and impact of non-uniformities are still highly dependent on the soil constitutive
model used. Only an analyses with a model properly calibrated to simulate the behaviour
of the clays used in the present study could give an accurate estimate of the errors
involved. Such analysis is beyond the scope of the present research. Consequently, the
studies presented above may only give an impression of the possible order of magnitude
of the errors.
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Legend
Normal stress
Shear stress
Angle
Axial Force
Torque
Inner pressure
Outer pressure
Sample
Legend
Figure 4.1: External forces applied to the specimen in the HCA and corresponding stress
state of an element of soil
Figure 4.2: External displacement applied to the specimen in the HCA and correspond-
ing strain state of an element of soil
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(a) Mohr’s circle of stress (b) Mohr’s circle of strain
Figure 4.3: Stress and strain state in a hollow cylinder specimen. PP refers to the pole
in terms of plane orientation and PD in direction
Figure 4.4: Distribution of non-uniformities within a hollow cylinder specimen of O.D.
250 mm, I.D. 200 mmand Height 250 mm from Hight et al. (1983)
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No-go zones (Sayao and Vaid, 1991)
No-go zones (Symes, 1983)
Figure 4.5: Zones of high non-uniformities in the b-α space as identified by Symes (1983)
and Sayao & Vaid (1991)
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Figure 4.6: Errors in stress-strain-strength parameters measurements at εd = 10% with
LICHCA geometry with end restraint from FE analyses of Rolo (2003)
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Figure 4.7: Effective stress paths from FE analyses of Rolo (2003) for the following
geometry: O.D. 100 mm, I.D. 70 mm, Height 200 mm (similar to Mark II ICHCA)
Abbreviation: EE: with end restraint FE: free end SE: single element response
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Figure 4.8: Effective stress paths from FE analyses of Zdravkovic & Potts (2005) with
ICRCHCA geometry and end restraint
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Figure 4.9: Stress strain curves from FE analyses of Zdravkovic & Potts (2005) with
ICRCHCA geometry and end restraint
 0
 10
 20
 30
 40
 50
 60
 0.001  0.01  0.1  1  10
G 
[M
Pa
]
εd [%]
Ideal test
ICRCHCA
Figure 4.10: Degradation curve of shear stiffness G for ICRCHCA geometry with end
restraint from FE analyses of Zdravkovic & Potts (2005)
148
4.2. Equipment description
4.2 Equipment description
Two different HCAs available at Imperial College were used in the present study. First,
the Imperial College Resonant Column Hollow Cylinder Apparatus (called ICRCHCA)
was used to perform tests on Oxford Clay and Gault Clay. The second apparatus, called
the Mark II ICHCA, was employed to study the Kimmeridge Clay. The present section
describes the configuration and equipments of each apparatus as well as the modifications
done during the course of this research.
4.2.1 ICRCHCA
This apparatus was fabricated in 1991 by Soil Dynamics Instruments Inc. (1991) in
a joint project with Imperial College. The overall configuration is based on a design
from V.P. Drnevich and is related to the one presented in Frost & Drnevich (1994).
Some improvements were specified during the design process by Imperial College, such
as the implementation of a double axis load cell designed for this purpose in conjunction
with Maywood Instruments. Subsequently, the apparatus was modified several times at
Imperial College by the previous researchers working on the apparatus (Porovic, 1995;
Albert et al., 2003; Nishimura, 2006) and during the present study.
The general outline of the apparatus is presented on Figure 4.11. A modification
by Nishimura (2006) consisted in isolating the inner cell from the outer one. Therefore
the outer and inner pressures are now controlled independently. In addition to this, the
apparatus is equipped with a resonant column system. It consists of a Hardin oscillator
situated at the top of the sample which performs dynamic measurement of stiffness
independently of the quasi static measurements. The resonant column system and its
theory will be detailed later in Section 4.3.
In this apparatus, it is possible to choose between two sizes of sample depending on
the configuration. It can be either (outer diameter, inner diameter and height given in
mm):
 70× 38× 180
 100× 71× 180
In the present study, the smaller size of O.D. 70 mm and I.D. 38 mm was used. There
are two main reasons for this. Firstly, based on previous experience with London clay
(Brosse, 2007), some difficulties were expected in the preparation of stiff clays samples.
A smaller size was deemed to be more practicable. Secondly, it allows to have a higher
height to outer diameter ratio which reduces the non-uniformities due to end effects, as
presented in Sub-section 4.1.3.
Apparatus equipment and performance
Loading system Pressures are controlled by the standard system deployed at Im-
perial College. It involved modified Watson-Smith electro-pneumatic controllers acting
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Channel Parameters Transducer Manufacturer
type Reference
1 Axial force Combined load cell Maywood Instruments Ltd.
2 Torque Combined load cell Maywood Instruments Ltd.
3 PWP Pressure transducers Sensotec THE/708-11
4 OCP Pressure transducers Sensotec THE/708-11
7 ICP Pressure transducers Keller series 27
5 Axial disp. Canteliver strain-gauge -
6 Sample VC Volume gauge Imperial College
8 Inner cell VC Volume gauge Imperial College
9 Rotation Proximity transducers Kaman KD-2310 4S
10 Rotation Proximity transducers Kaman KD-2310 4S
Abbreviation: OCP: Outer Cell Pressure ICP: Inner Cell Pressure
PWP: Pore Water Pressure disp.: displacement VC: Volume Change
Table 4.4: List of the transducers used in the ICRCHCA
through air/water interfaces. They are computer controlled by pulses with a resolution
of 0.07 kPa per pulse. For the inner cell and the back pressure, the air pressure ranging
from 0 to 800 kPa is transmitted to the cell or sample via rubber air/water interfaces.
In the case of the outer cell, there is direct contact between the air and the water, cre-
ating problem of air diffusion as detailed at the end of Section 4.2.1. Due to the limited
strength of the acrylic cylinder enclosing the outer cell, the maximum confining pressure
for the outer cell is 700 kPa.
The axial force is applied via a Bellofram cylinder of 58 cm2 inner diameter (see Fig-
ure 4.11). With a maximum air pressure of 800 kPa in the Imperial College laboratory,
the maximum axial force attainable is 4.6 kN. The air pressure in the top chamber of
the Bellofram cylinder is regulated by an electro-pneumatic system. The bottom part is
manually controlled. It is possible to increase the pressures in both Bellofram chambers
simultaneously, keeping the net axial force constant. This allows extension tests which
can be computer controlled by reducing the pressure in the top chamber.
A rotary table with a stepper motor is used to apply torque. The force is transmitted
to the shaft via a gear reduction system (see Figure 4.11). The stepper motor controls
the rotation of the sample with a precision of 8.3 · 10−3 ◦. Therefore tests are exclusively
strain-controlled in terms of torsion. The rotary table is also equipped with a tension
cylinder. It consists of a wire circling the gear system which is maintained under tension
via an air system. It stabilises the table and minimises backlash in the rotation when
loading is reversed. These phenomena affect predominantly tests involving small strain
torsion cycles, which were not performed in the present study.
Instrumentation The summary of the measuring instruments for the ICRCHCA is
given in Table 4.4.
Three pressure transducers are used to measure outer, inner and back pressures.
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Channel Parameters Units Range Resolution Accuracy
1 Axial force N -1 · 103–6 · 103 0.004 2.02
2 Torque N.m ± 180 0.0002 0.71
3 PWP kPa 69–862 0.04 0.41
4 OCP kPa 69–862 0.04 0.34
7 ICP kPa 69–862 0.01 1.02
5 Axial disp. mm 0–24 0.0004 0.02
6 Sample VC cm3 0–40 0.0008 0.04
8 Inner cell VC cm3 0–40 0.0008 0.03
9 Rotation Degree 0–40 0.0007 0.23
10 Rotation Degree 0–40 0.0007 0.22
Table 4.5: Characteristics of the instrumentation of ICRCHCA. Range, resolution and
accuracy are all given in the units of the third column. Accuracy is defined as the 95%
confidence range (2 Standard deviation from the best fit line).
A double-axis load cell is used to measure the axial force and the torque. Checks
were performed to ensure that the load cell measurements of axial deviatoric force are
unaffected by cell pressure. The transducer experiences cross-effects where changes in the
axial output influence the torque output and reciprocally. Corrections are implemented
in the calibration of the axial force and torque to account for this effect.
The axial displacement is measured by a compliant canteliver strain gauged trans-
ducer. Volume change of the sample and the inner cell are obtained using 55 cm3 volume
gauges designed at Imperial College. The rotation of the sample top is measured by two
proximity transducers situated just above the sample in the cell (see Figure 4.11). They
measure the distance between a metallic target and the face of the transducers. The
metallic target is a cam attached to the top of the sample which has two logarithmically
curved sides. These create a linear relationship between the angle of rotation and the
gap between the target and the proximity transducers. Therefore, when the transducers
are working in their linear range, the relationship between the angle and the output is
linear. Using two diametrically opposed transducers and averaging their outputs ensures
that the measured response is not affected by any translation of the cam (Nishimura,
2006). As the transducers are situated inside the cell and measure the platen to platen
rotation, they are considered to be ‘semi-local’.
The resolution and accuracy of the instrumentation are given in Table 4.5. The
performance of the instrumentation is within acceptable limits, and similar to typical
transducers performance for Imperial College Research Laboratory (Jardine, 1999). The
resolution in terms of strains is given in Table 4.6 based on the resolution of the instru-
ments.
However, it should be noted that, except for the measurements of the rotation of the
sample, all the strain measurements are external. It is well known that those types of
measurement are prone to errors as highlighted by Jardine et al. (1984). These arise from
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Strain Resolution
[%] · 10−3
εz 0.22
εr 0.34
εθ 0.25
γzθ 0.19
εv 0.16
Table 4.6: Estimation of the resolution of strain measurements in the ICRCHCA based
on the resolution of the instrumentation
bedding, tilting of the specimen, compliance of the system and non-uniformity of strain
and stress. The compliance of the volume measurements is reduced by employing stiff
thick-walled small-bored plastic tubing to connect the volume gauges to the apparatus.
Concerning measurements of axial displacement, the compliance of the apparatus is
taken into account in the calibration of the transducers. Tilting and bedding problems
are addressed by careful trimming of the material during sample preparation. In spite
of all the above measures, and considering that we are testing stiff material in the
present study, it is still expected that external transducers will not permit accurate
measurements in the small strain region. More detailed information on the calibration
of each of the ICRCHCA instruments is available in Nishimura (2006) and Porovic
(1995).
Computer control and data acquisition In terms of hardware, all stepper motors
are controlled by impulses sent from an IBM-compatible computer. The transducer
outputs are transmitted to the computer using a 16-bit data logger. At the beginning
of this research, the original data logger was generating undesirable electrical scatter
in the transducer outputs, probably due to its age. It was replaced by a newer data
logger which reduced the scatter by at least a factor of 2, except for the volume gauge
measurements, as illustrated on Figure 4.12 and in Table 4.7. It should be noted that
the proximity transducers appeared unaffected by the old data logger, probably because
their signals are pre-processed by a special conditioning unit before being sent to the
data logger.
The control and data acquisition processes are fully automated using a Q-basic pro-
gram written by Nishimura (2006) based on subroutines developed by Zdravkovic (1996)
for the LICHCA. The program controls the stress paths mainly via the set of variables:
p, q, b and α. The software has two features worth noting. First, in order to follow the
particular stress path used to shear soils from their in-situ state (see Chapter 5), a new
subroutine was developed by Nishimura (2006). The stress path may then be controlled
in terms of direction of principal stress increment αdσ rather than α. Secondly, the
system for applying the axial load did not permit the use of strain pumps to perform
strain controlled tests in the axial direction. To solve this problem, Nishimura (2006)
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Channel Parameters Units Std. Dev. Std. Dev. Reduction
Nb. old new [%]
1 Axial force mV 5.19 1.31 -75
2 Torque mV 16.66 1.27 -92
3 PWP µV 1.30 0.55 -57
4 OCP µV 1.30 0.48 -63
7 ICP µV 1.47 0.68 -54
5 Axial disp. µV 4.08 1.34 -67
6 Sample VC µV 11.09 10.90 -2
8 Inner cell VC µV 9.06 8.73 -4
Table 4.7: Reduction of the electrical noise generated by the data logger in the ICRC-
HCA. The noise is quantified by the standard deviation (Std. Dev.) from the mean value
for the measurement of a constant engineering value (CH9 and CH10 are not presented
as they were unaffected)
wrote an algorithm using a servo-loop which was able to control accurately the axial
strains for strain-rates up to 0.2 %/h. Detailed description of the algorithm is available
in Nishimura (2006).
Modifications
At the beginning of the research, extensive problems of water leakage towards the sample
were encountered. In order to solve these, several modifications were applied successively
to the apparatus.
Inner cell sealing One of the identified weak points was the seals of the inner mem-
brane that isolate the sample from the inner cell. There are two seals: one at the bottom
of the sample and one at the top (see Figure 4.11). In both cases, the seal was formed
of one central piece circled by an o-ring. The piece was in two parts and those could be
tightened so that the o-ring expanded. The o-ring then squeezed the membrane against
the wall of either the stainless steel base or top cap of the sample, sealing the sample,
as shown on Figure 4.14.
However, it was found that during installation, those seals tended to rotate vertically.
This diminished the efficiency of the sealing. The sealing capacity of the piece was found
to be highly dependent on researcher dexterity and chance. A new design was suggested
by S. Ackerley to reduce uncertainty in the process. The two new seals contained two
o-rings instead of one.
To insure that the bottom seal stays vertical, it was modified so that the seal was
screwed directly onto the bottom of the inner cell using a central screw (see Figure 4.15).
The screw is hollow in order to ensure connection between the inner cell and the inner
cell volume gauge to fully transmit pressure (see Figure 4.15). In the previous seal, there
was a tendency for the inner piece to rotate horizontally when being tightened. This
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usually twisted the membrane, and could potentially puncture it. To prevent this effect,
two side holes were introduced in the new design so that it could be maintained in place
with a top holder.
A similar holder system already existed for the top seal, and was kept in the new
design. To prevent vertical rotation, the top seal was lengthened (see Figure 4.15).
Sample base modifications A second weakness observed in the system was the
connection of the inner cell and the sample drainage cables to the sample base. In the
initial design, the connection was made by gluing the stiff plastic cables with Locktite as
shown on Figure 4.14. It was found that this type of connection was fragile and prone to
leaks. They needed changing every few months. Moreover, the initial connection of the
inner cell cable was sideways (see Figure 4.14). In this set up, an extra connection was
necessary in the inner cell line so that the support of the proximity transducers could
be installed.
To solve this problem, a new base was designed as shown in Figure 4.15. All the cable
connections were moved below the base so that the proximity transducer support could
be installed and removed without any difficulties. The connections were also modified
by adding metallic compression fitting to connect the plastic cables to the stainless steel
base. The new fittings are more resistant to difference in pressure and less likely to
degrade with time.
Air diffusion
The outer cell can not be entirely filled with water. This is due to the presence of the
proximity transducers and the Hardin oscillator at the top of the chamber, both of which
can not be immersed in water. There is therefore a large surface in the cell where water
is in contact with pressurized air. This generates problems of air diffusion.
According to Henry’s law, the concentration of dissolved gas in a liquid depends on
the pressure of the vapour phase in equilibrium with the liquid. The higher the pressure,
the higher the concentration of the gas in the liquid phase. This is the case for our air-
water interface, the gases being predominantly nitrogen and oxygen. Due to the pore
water pressure in the sample being lower than that in the outer cell, its concentration
of dissolved air is also lower. As the membrane is relatively air permeable, diffusion of
dissolved air takes place from the outer cell towards the sample. Once the air diffuses
into the sample, air bubbles are formed as the pore water is already saturated with
dissolved air. In an undrained state, this phenomenon generates an increase in pore
water pressure while in a drained test it creates an apparent compression of the sample.
In both cases, an error in the measurements is made. The diffusion process takes a few
days to become noticeable and this problem appears regularly in long duration tests on
stiff clays.
This problem was long known in resonant column tests (Drnevich, 1978). Porovic
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(1995) highlighted its occurrence in the ICRCHCA. The solution implemented by Nishimura
(2006) was to change the water of the outer cell regularly. To do so, an external tank
is used to pressurize the new de-aired water to transfer it to the HCA cell. Nishimura
(2006) used a tank of small capacity. This tank needed to be filled and emptied con-
secutively several times in order to replace a sufficient amount of water, making the
process rather long (40 min to 1 h). Due to the limited capacity of the tank, water
coming directly from the main water supply was sent into the cell. The temperature of
the incoming water was different from the ambient temperature in the laboratory, and
therefore some time was needed for temperature equalisation. As highlighted by Gas-
parre & Coop (2006), variations in temperature affect not only the transducers but also
have a direct impact on actual strains and pore water pressure in a clay sample. The
process of replacing the water and the temperature difference generated disturbances to
the sample.
In order to reduce these disturbances, a new bigger tank was adopted allowing to
change the water with a single fill. A new procedure was implemented: the tank was
filled in advance and left for several hours in the same room as the apparatus until the
temperature equilibrium is reached. During this time, the water was isolated from any
air contact to keep it de-aired. The outer cell of the HCA was then partially emptied
and the new de-aired water was transferred in.
Figure 4.13 presents the volume changes of a stiff clay sample when two different
methods are used to replace the outer cell water. Both methods were applied on the same
sample of Oxford Clay, at the same stage of testing where the stress state was maintained
constant. For the ‘previous’ procedure, the new tank was actually used to replace the
water in one fill but the water was sent directly from the main water supply, after being
de-aired. Therefore, only the effect of the difference and subsequent equalization of
temperature is considered here. It is clear that the previous method generated more
significant disturbance due to the variation of temperature, with important change in
sample volume. It is visible on Figure 4.13 that the period necessary to reach equilibrium
is more than 10 h for the previous method. The new water refreshment method generates
almost no variation in volume.
4.2.2 Mark II ICHCA
This apparatus was designed and constructed at Imperial College (Jardine, 1996). The
general outline of the Mark II Imperial College HCA (ICHCA) is presented in Fig-
ure 4.16. Anh-Minh (2007) describes its first use in research on London clay.
Similarly to the ICRCHCA, this HCA can accommodate two sizes of sample (outer
diameter, inner diameter and height given in mm):
 100× 60× 200
 200× 160× 300
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In this study, the 100 mm O.D. sample size was used because the Kimmeridge clay
samples tested in this apparatus were rotary cores of 100 mm diameter (see Chapter 3).
Apparatus equipment and performance
Loading system The loading systems of the Mark II ICHCA designed by Jardine
(1996) are presented here and their properties discussed.
The pore water pressure, inner and outer cell pressures are applied with electro-
pneumatic controllers via air/water interface as with the ICRCHCA. The pressures are
controlled with a resolution of 0.07 kPa per pulse over a range of 0 to 800 kPa.
The loading system for axial and torque is situated below the chamber and therefore
the sample. The axial load is applied with a single acting Bellofram actuator which is
computer controlled (P1 in Figure 4.16). A second Bellofram cylinder (P4 in Figure 4.16)
is used to counter P1 and is only manually operated. Pressures can be increased simul-
taneously in both actuators while keeping the axial load constant. Computer-controlled
tests can then be performed in extension by reducing the pressure in P1.
The system for applying torque is placed on a plate which is free to move axially
thanks to co-axially mounted roller bearings. It consists of two Bellofram actuators (P2
and P3 in Figure 4.16) which work in a similar way to the axial ones. The air filled
cylinder P3 provides a fixed counter force while the water filled cylinder P2 is computer
controlled. The torque is transmitted to the main shaft via a chain and sprocket drive.
To ensure that the axial load and torque are de-coupled, thrust bearing and a special
stationary low friction seal are used (Anh-Minh, 2007).
It should be noted that both P1 and P2 can be regulated either by an electro-
pneumatic system with air/water interface for stress control or by strain pumps (maxi-
mum pressure: 1 MPa, capacity: 1.5 L, precision: 0.25 · 10−3 cm3 per pulses) for strain
control. The electro-pneumatic system has the same characteristic as the one used for
controlling other pressures. Anh-Minh (2007) gives further details of the apparatus.
Instruments The Mark II ICHCA is equipped with external and local instrumenta-
tion. The list of instruments and their manufacturer is given in Table 4.8.
Pressure transducers are used to measure the outer cell and inner cell pressures, as
well as pore pressures at the top and base of the sample. A valve system allows the
top and base of the sample to be isolated independently, each end being monitored by a
different transducers. The axial load and torque are recorded with a combined load cell
mounted inside the cell which is similar to the one used in the ICRCHCA.
For external strain measurements, four different transducers are used. Two displace-
ment transducers measure the axial displacement and the rotation of the sample. Two
Imperial College designed volume gauges measure the inner and sample volume change.
Their performance is similar to that of the ICRCHCA as it can be seen in Table 4.5
and 4.9.
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Channel Parameters Transducer type Manufacturer reference
1 Torque Combined load cell Maywood Instruments Ltd.
2 Axial force Combined load cell Maywood Instruments Ltd.
3 OCP Pressure transducers MSI Sensors PR27
4 ICP Pressure transducers MSI Sensors PR27
5 Base PWP Pressure transducers MSI Sensors PR27
12 Top PWP Pressure transducers MSI Sensors PR27
6 Sample VC Volume gauge (VG) Imperial College VG
7 Axial disp. Canteliver strain gauge HS-25 model
8 Rotation Canteliver strain gauge HS-25 model
9 Inner cell VC Volume gauge (VG) Imperial College VG
14-16 Outer Wall disp. Proximity transducers KDM -8200 6U1
24 Inner wall disp. LVDT RDP D5/200W
25-26 Axial disp. Electrolevel Imperial College
29 Shear strain Electrolevel Imperial College
Abbreviation: OCP: Outer Cell Pressure ICP: Inner Cell Pressure
PWP: Pore Water Pressure disp.: displacement VC: Volume Change
Table 4.8: List of instruments and their manufacturer in Mark II ICHCA
Channel Parameters Units Range Resolution Accuracy
1 Torque N.m ± 180 0.0005 0.72
2 Axial force N -1 · 103–6 · 103 0.007 3.76
3 OCP kPa 275–862 0.006 0.99
4 ICP kPa 275–862 0.013 0.88
5 Base PWP kPa 69–862 0.006 0.92
12 Top PWP kPa 69–862 0.013 1.50
6 Sample VC cm3 0–90 0.0019 0.06
7 Axial disp. mm 0–23 0.0005 0.01
8 Rotation mm 0–23 0.0005 0.02
9 Inner cell VC cm3 0–40 0.0009 0.08
14–16 Outer Wall disp. mm 0–6 0.0004 0.0084
24 Inner wall disp. mm 0–5 0.0003 0.0018
25–26 Axial disp. mm 0–10 0.0004 0.011
29 Shear strain Degree 0–10 0.0002 0.041
Table 4.9: Characteristic of instruments used in the Mark II ICHCA. Range, resolution
and accuracy are all given in the units of the third column. Accuracy is defined as the
95 % confidence range (2 Standard deviation from the best fit line).
Local instrumentation The apparatus is equipped with a full set of instruments to
measure strain locally which are presented on Figure 4.17. Movements of the outer
wall were recorded by three proximity transducers at mid-height of the sample and and
separated by an angle of 120◦. Smooth curved copper plates placed on the sample were
used as metallic targets for the proximity transducers to avoid electro-magnetic field
penetration effects. The inner wall displacement was measured using a Linear Variable
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Differential Transformer (LVDT) placed at mid-height of the sample. Axial displacement
was measured using two electro-levels specially designed at Imperial College (Anh-Minh,
2007) and placed diametrically opposed on the sample. They use double-axis electrolyte
to correct for the out-of-plane rotational lateral displacement due to the rotation of the
sample. They also had extended arms of 20 mm (horizontal) and 150 mm (vertical) to
measure the strain over a representative segment of the sample length (see Figure 4.17).
The displacements of the sample from the local instruments were obtained using the
following equations:
∆h = −H0
2
2∑
k=1
ELak − ELak0
Lk
(4.19a)
∆ri = −LV DT − LV DT0
2
(4.19b)
∆ro = −1
3
3∑
k=1
(OPxk −OPxk0) (4.19c)
∆Γ = − pi
180
(ELs− ELs0) (4.19d)
where ELa, LV DT , OPx and ELs are the reading in engineering units of respectively
the axial electro-levels, the inner wall LVDT, the outer wall proximity transducers and
the shear electro-level. Lk is the length of the axial electro-levels. The strains are then
calculated using Equations 4.9 except for the shear strain which is obtained using:
γzθ = −2∆Γ
3ro
(r3o − r3i )
(r2o − r2i )
(4.20)
The performances of the transducers are presented in Table 4.9 and the corresponding
resolution in terms of strain is presented in Table 4.10. The resolution for strain is below
10−3 % for the local instruments when they are within their optimal ranges, except for
r. The nominal performance of the external instruments appears to be better than that
of the local group. Yet, as explained in section 4.2.1, this assessment does not reflect
reality: it is only based on the nominal resolution and do not take into account errors
linked to compliance, misalignment of platens, etc.
Unfortunately, it was noted that the strain measurements performed with local in-
struments generated inconsistencies during the shear stages. The main one was that
while the stages were all undrained, the volumetric strain derived from local instrumen-
tation measurements was non null (see Section 5.2 in Chapter 5). This was probably
the result of non-uniformities of strains. The measurements of the radial displacements
are likely to be the most affected by such errors, as they are only measured at one point
at mid-height. It was decided to ignore one set of radial readings (inner or outer radius)
and calculate the corresponding radial change based on the global volume change. If
the readings from the proximity transducers are discarded, the change in outer radius is
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Resolution
Strain Global instrumentation Local instrumentation
[%] · 10−3 [%] · 10−3
z 0.24 0.27
r 0.32 3.50
θ 0.20 0.88
γzθ 0.15 0.25
v 0.19 1.38
Table 4.10: Estimation of the resolution of strain measurements in the Mark II ICHCA
based on the resolution of the instrumentation.
calculated from:
∆ro =
√
(Ri0 +∆ri)
2 +
V0 +∆V
pi(H0 +∆h)
−Ro0 (4.21)
where ∆h and ∆ri are obtained from Equations 4.19a and 4.19b. Reciprocally, if the
readings of the inner LVDT are ignored:
∆ri =
√
(Ro0 +∆ro)
2 +
V0 +∆V
pi(H0 +∆h)
−Ri0 (4.22)
where ∆h and ∆ro are obtained from Equations 4.19a and 4.19c. During shear stages,
it was assumed that ∆V = 0. The discarded set was preferentially the proximity trans-
ducers, as their accuracy was slightly worse than the inner LVDT (see Table 4.9).
Computer control and data acquisition All the outputs of the transducers were
transmitted to an IBM-compatible computer via a 16-bit data logger which can accom-
modate up to 32 channels. The data logger is composed of two A/D converters, one
being used for DC-output transducers while the other takes care of the AC channels
(local transducers). The output of the proximity transducers was treated by their pur-
pose made signal conditioning unit and sent as DC outputs to the data logger. Data
acquisition and stress/strain control were performed by a Q-Basic program written by
Takahashi (2003) based on routines developed by Zdravkovic (1996) for the LICHCA.
The program is detailed in Anh-Minh (2007). In this program, the stress state is con-
trolled using either the set of parameters σz, σr, σθ and τzθ or p, t, α and b.
Anh-Minh (2007) improved the accuracy of the local strain transducers by imple-
menting an averaging scheme into the software. In this scheme the outputs of the
proximity transducers are averaged over 6 consecutive readings while the rest of the
local transducers are averaged over 4-data points.
Modifications
The control software of the Mark II ICHCA was modified to follow the special stress
paths employed for the shearing stages in this study. An option was added to control
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Prescribed stress Standard deviation Units
parameters αdσ = 15
◦ αdσ = 30◦
p’ 0.16 0.08 [kPa]
b 0.008 0.003 -
τzθ 0.28 0.31 [kPa]
Table 4.11: Standard deviation of controlled parameters from their prescribed values in
trial tests in Mark II ICHCA
the stress state using the parameters p, tdσ, b and αdσ. αdσ, the orientation of the major
principal stress increment relative to the vertical, and tdσ are defined in Figure 4.18. In
this option, the control process is similar to the one for p, t, b, α. The difference is that
the origin is shifted to a fixed point (defined by α0 and t0 in Figure 4.18) for calculation
of tdσ and αdσ in terms of stress increment. This point corresponds to the stress state
at the beginning of shearing.
Figure 4.19 presents two stress paths performed with the new option in trial tests on
Ham River Sand. It shows good agreement between the prescribed stress path and the
actual one. This is confirmed by the low standard deviations from the prescribed stress
parameters given in Table 4.11.
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Figure 4.11: Diagram of the Imperial College Resonant Column Hollow Cylinder Appa-
ratus (ICRCHCA) (modified from Nishimura (2006))
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Figure 4.12: Example of the reduction in electrical noise observed with the new data
logger for the measurements of a constant axial load (Channel 1)
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Figure 4.13: Sample volume change during Cell Water Replacement (CWR) on Oxford
clay, illustrating the reduction in sample disturbance introduced by the new procedure
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Figure 4.14: Schematic of the initial design of the sample base and seals for the inner
membrane
Figure 4.15: Schematic of the new design of the sample base and seals for the inner
membrane
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Figure 4.16: Diagram of the Mark II Imperial College HCA (ICHCA) (Anh-Minh, 2007)
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(a) Arrangement
(b) Basiccomponents(not toscale)
Figure 4.17: Diagram of the local instrumentation of the Mark II ICHCA (Anh-Minh,
2007)
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Figure 4.18: Definition of parameters αdσ and tdσ in τzθ-(σz − σθ)/2 space
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Figure 4.19: Stress paths in trial tests on Ham River sand in Mark II ICHCA
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4.3 Resonant column system
As stated before, the ICRCHCA apparatus is equipped with a resonant column system
(RC in the following). The general principle of this system is to dynamically excite one
end of the sample, sending waves through the sample and record the soil response in
terms of acceleration. Using the theory of wave propagation in a continuous medium, the
elastic modulus and damping of the material are obtained. The sample can be excited
either axially or torsionally. In the present set-up, the sample is excited in torsional
mode and the shear modulus G in the z − θ directions is derived from the behaviour a
vertically propagating shear wave polarized in the θ direction. The RC system is used
independently of the quasi-static loading system. In this section, the set-up of the RC
system, the theory used for the calculation of Gzθ and the possible sources of errors in
RC measurements are presented.
4.3.1 Apparatus set-up
The RC system used in this research has a configuration similar to the ideal ‘fixed-base
spring-top’ type (Ashmawy & Drnevich, 1994). The base of the sample is connected
rigidly through the load cell to the foundation of the apparatus, a 1-ton concrete bloc,
and is therefore assumed to be fixed. The top of the sample is connected to an oscillator
system designed by Pr. Hardin (Hardin & Music, 1965) and subsequently called Hardin
oscillator (see Figure 4.11).
Electrical system
The Hardin oscillator consists of two pairs of magnet-solenoid system. A sinusoidal
current is applied to the solenoids, creating a magnetic field. This field moves the
magnets which are rigidly connected to the axial shaft so that this motion applies a
torque to the top of the sample. In the ICRCHCA, a sinusoidal input voltage is generated
by a function generator and then amplified before being sent to the control box (see
Figure 4.20). The function generator can control frequency with a resolution of 0.001 Hz.
The response of the soil is recorded by an accelerometer situated in the Hardin oscillator
(Manufacturer reference: Columbia Research Labs, Model 200-1H). The output voltage
of the accelerometer is amplified by a charge amplifier before being sent to the control
box. The input and output signals are read from the control box with a voltmeter and
a HAMEG oscilloscope. It should be noted that the input signals pass through a power
resistor in the control box. Therefore, the input voltage recorded is directly proportional
to the current sent to the oscillator (Soil Dynamics Instruments Inc., 1991).
Testing procedure
Different methods and types of signal are available to measure the modulus and damping
of the soil. In the present study, a forced sinusoidal excitation was applied to the
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sample. The resonance is found in steady state mode from the acceleration response. In
the set-up used, the resonance occurs when input and output signals have an angular
phase difference of 90◦ (Drnevich et al., 1978). When observed on a X-Y mode in an
oscilloscope, resonance is seen when the Lissajous figure forms an ellipse with its two
axes pointing vertically and horizontally. A typical signal at resonance is presented on
Figure 4.21. It shows that the soil response is a sinusoid with the same frequency as the
input one, with little signal distortion. It should be noted that distortion was observed
when using higher voltage inputs, and therefore the voltage were selected to be as low
as practical to avoid electric noise.
4.3.2 Theory
As noted in the previous paragraph, the testing procedure consists in inducing resonance
in the system and then recording the frequency and amplitude of the oscillations at
resonance. This section details the theory used to determine the shear stiffness Gzθ and
damping D of the soil from those measurements.
Wave equation and solution
The soil is modelled as elastic with a viscous damping. The constitutive law is of the
Kelvin-Voigt type:
τzθ = Gzθ γzθ + η
∂γzθ
∂t
(4.23)
where τzθ is the shear stiffness, γzθ the shear strain, Gzθ the elastic shear modulus and
η is the viscosity of the soil. For simplicity, Gzθ will be written as G in the rest of this
section. Applying Newton’s first law gives the equation of motion:
ρ r
∂2θ
∂t2
=
∂τzθ
∂z
(4.24)
where θ(z, t) is the rotation of the element of soil. The shear strain is expressed as:
γzθ = r
∂θ
∂z
(4.25)
By combining Equations 4.23, 4.24 and 4.25, the equation for the propagation of shear
wave is obtained:
∂2θ
∂t2
=
G
ρ
∂2θ
∂z2
+
η
ρ
∂3θ
∂t∂z2
(4.26)
The damping ratio is defined as
D =
η ω
2G
(4.27)
where ω is the angular frequency in rads−1. The solution for this equation can be
expressed in the following complex form (where i2 = −1):
θ(z, t) =
(
C1e
iaz + C2e
−iaz) eiωt (4.28)
168
4.3. Resonant column system
where C1 and C2 are complex constants dependent on the boundary conditions and the
parameter a is defined as:
a2 =
ρ ω2
G (1 + 2Di)
(4.29)
Boundary conditions
In order to fully determine the solution, the boundary conditions of the soil sample must
be considered. Several models can be considered for the ICRCHCA apparatus. Two of
them are presented on Figure 4.22. The ideal model is the one presented in section 4.3.1,
shown on Figure 4.22 with a fixed based and a single spring at the top, named the single
degree of freedom model.
However, this model does not lead to accurate measurements when testing stiff soils
as highlighted previously by Ashmawy & Drnevich (1994) and Nishimura (2006). In-
deed, any imperfect fixities between the sample and the fixed based introduce errors, as
well as the compliance of the top connection of the Hardin oscillator to the apparatus.
Avramidis & Saxena (1990) and Nishimura (2006) showed that those compliances intro-
duce multiple resonant modes and modify the main resonant frequency. Avramidis &
Saxena (1990) suggested reducing this effect by modifying and stiffening the apparatus.
However, in the present study, a hybrid type of HCA is used with both a RC system
and a classical HCA loading system. The compliance is mainly due to elements linked
to the HCA loading system, such as the load cell at the bottom of the sample and the
axial and torsional loading systems at the top, which can not be modified. Therefore,
the improved model suggested by Ashmawy & Drnevich (1994) was adopted. It takes
into consideration the compliance at the bottom by adding a passive system and the one
at the top by adding a reaction system (see Figure 4.22). The latter model is assumed to
be more accurate and is used in the present analysis. The correspondence between each
theoretical system (reaction, active and passive) and the HCA configuration is given in
Figure 4.23.
The three degree of freedom model gives three boundary conditions obtained by
applying the conservation of angular momentum to each mass. The following parameters
need to be defined:
 θ = θ(z, t): rotation of an element of soil at the depth z at an instant t.
 θa, θr, θp = f(t): rotation at an instant t of the active mass, reaction and passive
system respectively.
 J, Ja, Jr, Jp: rotational inertia of the specimen, active mass, reaction and passive
system respectively.
 Ka,Kr,Kp: torsional stiffness of the active mass, reaction and passive system
respectively.
 Ca, Cr, Cp: torsional damping coefficient of the active mass, reaction and passive
system respectively.
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The resulting boundary equations are (Ashmawy & Drnevich, 1994):
 Passive system
Kp θp + Cp
∂θp
∂t
+ Jp
∂2θp
∂t2
−GI ∂θ
∂z
∣∣∣∣
z=0
− ηI ∂
2θ
∂z∂t
∣∣∣∣
z=0
= 0 (4.30)
 Reaction system
Kr θr+Ka (θr − θa)+Cr ∂θr
∂t
+Ca
(
∂θr
∂t
− ∂θa
∂t
)
+Jr
∂2θr
∂t2
= −T0 sin(ωt) (4.31)
 Active system
Ka (θa − θr)+Ca
(
∂θa
∂t
− ∂θr
∂t
)
+Ja
∂2θa
∂t2
+GI
∂θ
∂z
∣∣∣∣
z=H
+ηI
∂2θ
∂z∂t
∣∣∣∣
z=H
= T0sin(ωt)
(4.32)
Assuming perfect coupling between the specimen and the bottom and top platen, the
relationships θa = θ(H, t) and θp = θ(0, t) can be used to express the equations in terms
of θa, θp, θr. The equations can be transformed to complex space by posing:
θa = Aae
iωt θr = Are
iωt θp = Ape
iωt
where Aa, Ar, Ap are complex numbers. The equations can then be written in matrix
form:  A
 ·

Ap
Aa
Ar
 =

0
T0
Jω2
T0
Jω2
 (4.33)
To obtain the response of the system, the matrix A has to be inverted, giving:
Ap
Aa
Ar
 =
y11 + iz11 y12 + iz12 y13 + iz13y21 + iz21 y22 + iz22 y23 + iz23
y31 + iz31 y32 + iz32 y33 + iz33
 ·

0
T0
Jω2
T0
Jω2
 (4.34)
The values of yii, zii i ∈ [1, 2, 3] are given in Ashmawy & Drnevich (1994) and Nishimura
(2006). The accelerometer measures the acceleration of the active mass and the Hardin
oscillator the input torque T0. The solution can be expressed in terms of the transfer
function H:
H =
AaJω
2
T0
= y22 + y23 + i (z22 + z23) (4.35a)
MMFa = |H| =
√
(y22 + y23)2 + (z22 + z23)2 (4.35b)
φa = arg(H) = arctan
(
z22 + z23
y22 + y23
)
(4.35c)
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Determination of G and D
The factors MMFa and φa are dependent on the shear stiffness of the soil G and its
damping D. Therefore, using those two functions, the resonant frequency and the mag-
nification factor at resonance is expressed as functions of G and D:
fares = fares(G,D) (4.36a)
MMFares = MMFares(G,D) (4.36b)
From the experimental measurements of fares and MMFares, the values of G and D are
calculated using the Newton-Raphson method to find the roots of a system of non-linear
equations.
4.3.3 Source of errors
RC experiments are known to have some limitations and biases. In this section, the ones
which may affect the measurements on stiff clays are studied and evaluated. The effect
of imperfect fixity at the top and bottom are not considered here as they have already
been treated in Section 4.3.2.
End platen coupling
An aim in RC testing is to ensure that the excitation of the oscillator is fully transmitted
to the soil. This can be affected by the weak point in the connection between the soil
and the oscillator, at the interface between the soil and the end platen. For stiff soils,
slippage may occur at this level. The coupling is linked to the coefficient of friction
of the interface and the shear stress applied, and is likely to be valid only for small
strain (Drnevich, 1978). Drnevich (1978) derives the following criterion to estimate the
no-slippage zone, assuming that the minimum friction coefficient between soil and other
material is 0.2:
Gzθ|γzθ|
σ′z
< 0.2 (4.37)
where γzθ is the shear strain amplitude at the interface. In the present study, this
criterion was always below 10−3, and therefore there was a very low probability of
slippage occurring during RC testing. To ensure coupling during monotonic testing, the
porous metal ends were equipped with eight vanes each, making slippage during RC
tests even less likely.
Electro-magnetic field
As explained in section 4.3.1, the torque is applied by permanent magnets reacting to the
magnetic field generated by currents passing through the solenoids. However, following
Faraday’s law, the movements of the magnets itself modify the magnetic field, and create
a electro-magnetic force (EMF) that opposes the movement of the magnets (Meng &
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Rix, 2003). This back EMF dissipates energy and creates some equipment-generated
damping. Previous studies of this problem (Meng & Rix, 2003; Cascante et al., 2003;
Wang et al., 2003) found that this phenomenon affects principally the measurements
of damping, adding negligible errors for the shear modulus derivation of soils. Meng
& Rix (2003) showed that the ideal way of reducing equipment-generated damping is
to use a current-mode source instead of a voltage-mode source. In the present case, a
voltage-mode source was used combined with input current measurement. While it is
not as efficient as the current-mode source (Meng & Rix, 2003), this set-up still gives a
significant reduction in equipment-generated damping (Cascante et al., 2003).
4.4 Summary
This chapter described the theory behind the HCA and RC testing as well as the char-
acteristics of the equipment used in this research. The main points are summarised
below.
Apparatus theory Several assumptions are needed to resolve the stress and strain
state within an hollow cylinder sample. The assumptions impose restrictions on the
sample deformation and the presence and variation of some the stresses. A constitutive
model is also necessary. The isotropic (or cross-anisotropic) linear elastic model was
selected in this research. The stress and strain state within the sample is represented by
averaged values. The averaging was performed across the wall, leading to the equations
proposed by Hight et al. (1983) for representing stress and strain.
The main drawback associated with HCA testing is the presence of non-uniformities
within the samples. There are three predominant sources of non-uniformities: the curva-
ture of the wall, end restraint effects and the stress state. For the later, ‘no-go’ zones of
high uniformities were defined to alleviate its effects. End restraint effects can be limited
by choosing a suitable height to radius ratio, as was the case for the sample geometries
employed in this research. Numerical analyses performed at Imperial College on similar
geometry as the ones employed here indicated potential errors in measurements of stress
and strain up to 10 % from an ideal single element tests (Porovic, 1995; Rolo, 2003;
Zdravkovic & Potts, 2005).
Equipment Two different HCAs were used in this research: the ICRCHCA and the
Mark II ICHCA. The ICRCHCA is only equipped with external instrumentation, except
for the measurement of shear strains which is ‘semi-local’. It is therefore not expected
to capture the small strain behaviour accurately. Several modifications were performed
to solve problems of leakage and air diffusion in this apparatus. The Mark II ICHCA is
equipped with a full set of local instruments. Both apparatuses offer the possibility of
strain or stress controlled stress paths.
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Resonant Column The RC system in the ICRCHCA allows dynamic shear stiffness
Gzθ to be measured independently of the quasi-static tests. A theoretical model taking
into account the compliance of the apparatus was selected to derive the shear stiffness
from the measurements of the resonant frequencies and amplitudes of the acceleration
and torque at resonance. Other sources of errors, such as end platen coupling and
electro-magnetic field, were estimated to have negligible impacts.
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Figure 4.20: Schematic of the electrical set-up of the resonant column system
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Figure 4.22: Schematic of two of the possible models representing the resonant column
system (DOF: Degree Of Freedom)
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Chapter 5
Methodology
This chapter presents the methodology employed for testing the samples. The first
section discusses the sampling and sample preparation procedures and the effects of
those on the quality of the samples. The second presents the methodology of the test
itself once the sample has been installed in the apparatus. In the third, the methodology
used to estimate the in-situ stresses for each soil is detailed. Finally, the quality of the
samples is evaluated, applying a wide range of criteria.
5.1 Sampling and specimen preparation
Following the description of the sampling site conditions given in Chapter 3, this section
details the methodology used to bring the soil from the ground to the apparatus. Namely,
it describes the sampling, specimen preparation and set-up procedures. The focus of this
part will be on identifying possible sources of disturbance to the samples.
5.1.1 Sampling
Two different sampling methods were employed in the present project: block sampling
and rotary coring. Seven block samples of Oxford clay and eight of Gault were retrieved,
although no Gault blocks were tested in the research presented in this thesis. Rotary
coring was also used to obtain samples of Gault and Kimmeridge clay.
Block samples
Block samples were obtained from the base of an excavation. The sampling process is
illustrated in Figure 5.1. A sampling zone was first created with the help of a backhoe
excavator, digging trenches around the zone. A pneumatic clay spade was then used
to excavate around the block, trimming down to a roughly 500Ö500 mm square tower
of soil. The tower was trimmed down to its final size of about 300Ö300 mm by hand
tools to minimize disturbance. Once the desired size had been reached, the tower was
wrapped as soon as possible in cling film and waxed, covering the side and top surfaces.
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Care was taken to minimize any air entrapped between the soil and any layers of film
or wax. A second layer of cling film and wax was added. A plywood box without top
or bottom was fitted around the tower. Polyurethane foam was then sprayed in the side
holes and on the top surface. A plywood board was then placed and screwed to the top
of the box. The orientation and GPS coordinates were marked on the top of the box.
The sample was left in this state overnight for the polyurethane foam to expand and set.
The next day, thin sharp spades were inserted in the bottom of the tower and used as
leverage to dissociate it from the ground. The bottom was trimmed and flattened with
hand tools and sealed with two layers of cling film and wax, as with the side and top.
The closing process used for the top was repeated: spraying of the surface with foam
with shortly afterwards positioning and screwing of the wooden lid. The sample was
again left for the foam to harden. The samples were then carefully transported back to
Imperial College.
The possible disturbance occasioned to the clay during sampling are identified as:
 Mechanical disruption by the used of pneumatic spade and hand tools.
 Possible drying or suction increase when the soil was exposed to air, or if the block
was not properly sealed.
The steps outlined above were designed to minimize any disturbance due to these possible
causes.
Rotary cored samples
Rotary drilling was performed at High Cross and Willowbrook farm sites in July 2009 by
‘Emerson Moore Drilling’ on behalf of Imperial College London. The drilling procedure
was as follows. The superficial deposit, comprising of the first couple of meters, was
drilled using open hole and casing techniques. The rest of the borehole was drilled using
a Geobore ‘S’ wireline coring system. The nominal diameter of the core was 102 mm. A
polymer mud was used as flushing medium to maintain borehole stability and alleviate
the possibility of swelling of the clay due to the flush liquid.
The 1.5 m long cores were extracted from the borehole in a plastic lining. As soon
as possible, the lining was split in two. Rapidly, the softer outer layer of the core, which
had been in direct contact with the drilling flush, was scrapped off to avoid subsequent
swelling of the samples. The core was divided into sections of about 300 mm length,
which were wrapped in two layers of alternating cling film and wax, with a final layer
of aluminium foil. The specimens were then re-placed in the plastic lining and retained
in core boxes. Care was taken to prevent any movement within the box with the help
of bubble wrap. The samples were carefully transported back to the Imperial College
laboratory. Due to the scrapping of the outer layer, the cores had final outside diameters
varying between 97 and 102 mm.
The possible sources of disturbance for this type of sampling are:
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 Mechanical disturbance to the soil during the drilling operation. This problem was
addressed by choosing a triple tube rotary wireline system. This method is known
to produce high quality undisturbed samples in stiff clays (Hight & Jardine, 1993).
 Swelling of the soil due to the contact with the flush. As stated, this was alleviated
by using polymer mud as a flush and scraping off the outer layer of the sample. In
the case of the Gault clay at High cross, there was a marked loss of drilling flush
between 7 and 9 m depth, with as much as 80 % of the flush medium being lost in
one borehole. At the same level, the return flush was observed to be much darker
in colour. As seen in Chapter 3, the material encountered at this level is described
as being heavily fissured. This suggests that the polymer mud infiltrated open
joints and fissures in the material, leading to possible movements and swelling
along those joints at this depth range. This phenomenon was not observed for
Kimmeridge clay.
5.1.2 Specimen preparation and set-up
In this section, the procedures for preparing and setting up the specimen is detailed,
from the opening of the box (or core) to the completely set apparatus, ready for testing.
The whole process was performed on the same day.
Specimen preparation
The block samples were first cut in half with a band saw, while still retained in their
plywood protective boxes. They were further cut into appropriate prisms. The parts of
the block reserved for later testing were re-sealed and waxed as soon as possible to avoid
drying. The prism of soil selected for testing was shaped into a rough cylinder with a
diameter about 20 mm larger than the finally desired value. Figure 5.2 describes this
process. As the band saw was situated five storeys below the soil mechanics laboratory,
the cylinders were wrapped in cling film before being transported to the laboratory, to
avoid drying in transit. The band saw operations were not necessary for the rotary cored
samples which were already cylindrical and of approximately the appropriate diameter.
The rest of the procedure was identical for both rotary and block samples. Once in
the sample preparation room, the sample was fitted into a soil lathe (see Figure 5.4). A
combination of a wire saw and a flexible flat knife was used to trim the sample down to
within a few millimetres of its final size (see Figure 5.5). For the last layer, a rigid bar
was used to ensure straight sides of the cylinder, as otherwise a tendency was noted for
the bottom part of the sample to be thicker (Nishimura, 2007; Brosse, 2007). Trimming
continued until the difference in diameters measured along the length of the sample was
less than 0.5 mm.
After trimming the ends flat, the sample was placed in a split metal mould that
was clamped to encase the sample. An inner cavity was drilled down the axis of the
encased sample using a metalworking lathe (see Figure 5.2 and 5.3). The hole was drilled
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progressively, using a succession of drills with increasing size as shown on Figure 5.6. For
most of the samples, the last few millimetres were excavated using a special bar equipped
with a cutting edge (see Figure 5.6) which reduces the disturbance to the inner surface
(Nishimura, 2006). Too avoid clogging at the edge, air was blown through the inner
cavity from a compressed air source when using the bar. For some of the softer Gault
and Kimmeridge clay samples, the edge would get clogged even when blowing air. In
these cases, standard drills were used up to the desired sized. Finally, radial grooves
had to be cut carefully in the sample ends with a saw to accommodate the vanes of the
porous stones and ensure good coupling for torque (see Figure 5.3).
Each sample preparation took between 3 to 5 hours, depending on the type of sample
(block or rotary), the type of soil, and any difficulties arising during the process.
Set-up
Once ready, the dimensions and weight of the specimen were recorded. For each dimen-
sions, six different values were taken in different places of the specimen, and the average
was taken as the nominal value.
The procedure for setting the specimen in the apparatus depended on whether the
ICRCHCA or the Mark II ICHCA was used. Detailed descriptions of the set-up proce-
dures used in the present research for each apparatus are given in Nishimura (2006) and
Anh-Minh (2007). A brief summary of the main steps is given here.
The specimen was installed in the apparatus on the base porous stone which had
been saturated and de-aired beforehand. Resting on the shear vanes, the specimen did
not make direct contact with the porous stones, so avoiding possible swelling of the
ends and cavitation of the pore pressure transducers. A minimal gap was maintained
to prevent too much air being entrapped. The top cap was then placed on the top of
the sample (see Figure 5.3). After installing strips of filter paper around the samples
for drainage, inner and outer latex membranes were fitted and sealed with o-rings (see
Figure 5.3). Once the sample was isolated from the outside environment, suction was
applied to remove the air entrapped between the membranes and the sample. Next,
the inner cell was sealed and isolated from the outer cell. Instruments for measuring
strains were then installed and adjusted to their optimum ranges. The full set of local
instruments was mounted for the Mark II ICHCA and the two proximity transducers
were positioned for the ICRCHCA. Only then the outer cell could be closed and filled
with water. Final adjustments specific to each apparatus were then made.
Before applying any cell pressure to the specimen, suction was applied again at
one end of the specimen while water at low pressure (a few kPa) was flushed from the
volume gauge to eliminate any air entrapped around the sample or in the connecting
tubes, although the system was flushed prior to setting-up. Finally, the specimen was
maintained under undrained conditions and isotropic total stresses were applied at a level
about 50 kPa higher than the estimated specimen suction. Once the pore water pressure
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measurements had stabilised, usually within a couple of hours, the corresponding mean
effective stress was noted and interpreted as the suction of the specimen.
The set-up process took from 5 to 7 hours in total for the ICRCHCA and 6 to 8
hours for the Mark II ICHCA, which required more steps.
Sample disturbance and counter-measure
During the specimen preparation and set-up, three main types of disturbance could
affect the sample: mechanical action, drying due to exposure to air and swelling due to
exposure to water.
Mechanical disturbance The risk of mechanical damage is at its highest during the
sample preparation process where the cutting and drilling in the sample may create or
open fissures and joints, and affect the macro-structure of the soil.
The two critical steps in this regard are the cutting with the band saw and the
drilling of the sample. In the former, the problem was addressed by a careful handling
of the sample, keeping it as well-constrained as possible between wooden boards and
proceeding in a smooth and steady motion. In the latter step, ensuring that the mould
applies a uniform grip around the specimen was found to be critical to avoid cracks
formation and/or opening during the drilling process (Nishimura, 2007; Brosse, 2007).
This is why, as explained previously, care was taken to:
 Obtain smooth uniform straight sides during trimming
 Subsequently wrap the cylinder with cling film and layers of membrane to ensure
an optimally gentle uniform pressure around the sample in the mould.
Whenever possible, the drilling bar was used to trim the last few millimetres of the
internal cavity, so as to avoid the disturbance created by the friction of the drills on the
inner surface.
Overall, during the whole process of preparation and set-up, care was taken to keep
the sample constrained (in tight cling film, in a metal mould or in the latex membrane)
as often as possible to avoid opening of cracks due to stress release, while making sure
that no excessive pressure (isotropic or deviatoric) was applied during the process. In
the case of Oxford clay, the highly bedded nature of the material meant that it could
not be rotated unsupported from a vertical to an horizontal position without cracking
of the sample. A new method had to be devised to cut the top and base of the sample
in a vertical position. The drilling mould was used to facilitate this step, while the stan-
dard procedure made use of a large cradle for the sample which was usually positioned
horizontally.
Drying of the soil Drying occurs when the soil is exposed to air, that is for the period
between the opening of the wax cover to the filling of the cells with water. In the present
research, the time necessary for this whole process, from 8 to 12 hours (if problems were
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Test Test Initial p’
date name [kPa]
19/11/08 OA9005 317
20/02/09 OA4505 440
28/04/09 OA0005* 272
09/09/09 OA6705 190
29/10/09 OA2305 200
25/11/09 OA0005 230
Table 5.1: Evolution of the initial suction of Oxford clay tests as sample preparation
procedures improved
encountered), was much higher than that reported by previous researchers on similar
soils and apparatuses (Nishimura, 2006; Anh-Minh, 2007).
The additional time required may have been due to the stiffer nature of the material,
and perhaps the lower physical strength of the researcher, which combined to lengthen
the trimming process. Numerous hard-to-trace and repetitive leakage problems were
encountered by the Author in the ICRCHCA (see Chapter 4) and extra steps had to be
taken to solve this, including additional intermediate checks. With the Mark II ICHCA
tests, the researcher did not become sufficiently familiar with the apparatus over the
short programme performed to set-up samples rapidly.
The higher than expected suction values recorded in the early tests on Oxford clay
were attributed to drying of the soil over the extended set-up periods. As shown in
Table 5.1 and Figure 5.7, early tests showed suctions at least 100 to 200 kPa above the
values seen in later tests. To solve this problem, two approaches were used: one aiming
at reducing the overall preparation time, the other at reducing exposure to air.
Reduction of the set-up time was possible to a certain extent by careful planning
and preparation. Saturation of the apparatus tubing system and porous stones was
carried out the day before, and the inner membrane was set-up as well. The process was
also optimized by using check lists for the different steps, which also ensured a higher
rate of successful set-up by preventing the most common mishaps. Exposure to air was
alleviated by wrapping the soil in cling film as often as possible. However, this was
found to be insufficient. Based on Pennington (1999)’s observation that high humidity
environment greatly reduces drying of the soil, a water spray bottle was used to keep the
atmosphere around the soil sample humid. Ideally, a high humidity room would be used
for sample preparation, but none was available near to the soil laboratory. Using a spray
elevated the humidity around the sample during the whole process, in every room that
the sample had to pass through. Once the sample was enclosed in the membranes, the
spray was used to ensure that these were always covered in water, effectively ensuring
that the time of exposure ended with the installation of the membranes, rather than the
filling of the cells.
As seen in Table 5.1, the progressive implementation of these counter-measures dur-
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ing the first set of tests on Oxford Clay greatly improved the initial suction. The values
reduced from about 300− 450 kPa to around 200 kPa, converging towards the measure-
ments made with suction probes on block samples (see Figure 5.7). It can be concluded
that the final preparation method introduced for test OA6705 and used for all subsequent
tests generated very little disturbance in terms of drying.
Swelling As stated before, there is a risk of swelling of the sample ends when those are
placed in contact with the porous stones. This was addressed by keeping a gap between
the two with the help of the vanes. The gaps were closed when pressure was applied to the
specimen at the end of the set-up procedure. Apart from this, the other potential source
of swelling is linked to any leakage occurring from the inner and outer cells towards the
sample. Important leakage problems were encountered at the beginning of the research
with the ICRCHCA, slowing down the progress of the project for an extended period. In
order to solve those, several solutions were implemented. Modifications of the apparatus
have already been detailed in Chapter 4. In terms of set-up procedure, the following
were used:
 Following the procedures of Nishimura (2006), the membranes were checked be-
forehand for holes by being inflated with air and put under water. This technique
reveals even tiny punctures that are barely visible by eye, and was considered more
efficient than the common visual check.
 Leak tests were regularly performed with a plastic dummy sample to verify that
the tubing system was sound.
 The zones where the membranes would be sealed with o-rings were carefully
cleaned, inspected and greased to improve the seal.
 During the set-up procedure, just after suction was first applied to extract the air
entrapped between the sample and the membranes, the specimen was then isolated
and the decay of suction was surveyed over a small period of time (≈ 5− 10 min).
Important leakage that could render the sample unfit for testing could be detected
with this method. Minor leaks could only be identified once the the test had
started by monitoring the volume changes or pressures over large rest periods.
The latter could be resolved by dismantling and re-installing without any major
swelling occurring in the sample.
Unfortunately, the last two steps lengthened the set-up time and generated potential
drying problems, as explained above.
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(a) The soil is trimmed in a ‘tower’ (b) The tower is wrapped in cling film and
waxed
(c) The pre-prepared box is placed around the
tower
(d) Expanding foam is inserted into the gap
and the top of the box is closed
(e) The tower is detached from the ground (f) The bottom of the block is trimmed and
sealed with cling film and wax
Figure 5.1: Block sampling procedures (pictures courtesy of S. Wilkinson)
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(a) Cutting the box with a band saw (b) Cutting the selected quarter in a
prism
(c) Shaping the soil into a cylinder
with the band saw
(d) Trimming to the final diameter
in the soil lathe
(e) Levelling the end to the desired height (f) Metal lathe for drilling
Figure 5.2: Procedure for sample preparation 185
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(a) Drilling of inner cavity (b) Cutting the end for inserting the vanes
(c) Sample is enclosed in cling film
and mould whenever possible
(d) Installing the sample on its
pedestal
(e) Isolating the sample with mem-
branes
(f) Installing instruments and filling
the cells
Figure 5.3: Procedure for sample preparation and set-up186
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Figure 5.4: Soil lathe used for trimming the sample to its final outer diameter
Figure 5.5: Tools used for trimming and preparing the sample
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Figure 5.6: Drills and the purposely designed bar used for drilling the inner cavity
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Figure 5.7: Reduction in the initial p’ measured in HCA tests on Oxford clay as prepa-
ration procedures improved
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5.2 Testing methodology
The present study concentrates on comparing the mechanical behaviour of three different
soils. To aid this, the same testing procedure was used for all the mudrocks. This section
presents the methodology employed and the main steps in the procedure. One key aim of
this research was to study the clay anisotropy. Taking into account what could be studied
with the HCAs employed, the study focused principally on the strength anisotropy.
There are two reasons for this. Firstly, the determination of the stiffness parameters was
already the focus of the parallel study performed for the same project by Hosseini Kamal
(2012). Secondly, as presented in Chapter 4, one of the HCAs was not equipped with
local instrumentation, therefore measurement of the stiffness parameters would not be
fully accurate in this apparatus, even with the corrections made for compliance.
In order to capture behaviour as close as possible to the field response, each sample
was consolidated to its estimated in-situ stress before being sheared undrained. Sec-
tion 5.2.1 describes the consolidation procedure while Section 5.2.2 explains the shearing
scheme.
5.2.1 Consolidation scheme
As explained in Section 5.1, at the end of sample set-up, isotropic stress conditions were
applied undrained to the sample to establish its initial suction. From this initial isotropic
stress state, each sample was then reconsolidated to its estimated in-situ state. The mu-
drocks being heavily over-consolidated, their in-situ horizontal stresses were considered
to be higher than their vertical ones, imposing a state of extension. The determina-
tion of the in-situ stress state for each soil is detailed in Section 5.3. The samples were
re-consolidated in two stages as presented in Figure 5.8. First, isotropic consolidation
or swelling was followed to the estimated in-situ mean effective stress. An anisotropic
consolidation stage followed in which q changed at constant p’ to reach the desired K0.
Isotropic consolidation
After applying the initial all round pressure undrained, the specimens were left undrained
until the pore water pressure stabilised. For a saturated sample, this usually took one
to two hours. However, up to a day was required with the early samples of Oxford clay
which had experienced some drying as explained above.
Once stabilisation had been reached, the initial p’ was recorded and maintained
under drained conditions with a back pressure. Before starting the isotropic consolida-
tion/swelling, a pause period was implemented to allow creep strains to stabilize and
full saturation under back pressure. Saturation was checked by performing undrained
B-value tests: the cell pressures were successively increased and decreased by 20 kPa
keeping the q constant, and the pore water response was monitored in each steps. The
value of the pore pressure coefficient B was recorded as the average of the B values
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obtained from the increase and decrease stages. The target was to obtained B value
higher than 95 % but in some instance values between 90 and 95 % had to be accepted
due to time constraints. As explained in Chapter 4, in the ICRCHCA, there is a risk of
air diffusion to the specimen. Care was taken to avoid this by refreshing regularly the
water of the outer cell. However, in three instances, air diffusion did occur and this led
to lower B values. In these rare cases, despite the remedial measures implemented, B
values reduced to the 80-90 % range.
Two different techniques were used to improve the saturation of the soil during this
period. First, the back pressure was increased keeping p’ constant, which compressed and
dissolved more air into the water. This technique was sufficient for the great majority of
the samples. In cases where air diffusion had occurred, or for early Oxford clay samples
which had dried slightly during the preparation procedures, water circulation was also
implemented. This consisted in circulating water at the base of the samples, sending
water from the volume gauge and retrieving the water from an other drainage outlet.
The volume of retrieved water was recorded and compared with the one sent from the
sample volume gauge, to check if any disturbance was occasioned to the sample. This
was found to be a very efficient remedy to air diffusion problems.
Once a sufficient degree of saturation had been reached, typically after a few days,
isotropic consolidation or swelling towards the estimated in-situ p’ was started. To ensure
good drainage, a rate 1− 3 kPa/hr for p’ changes was used. Unfortunately, none of the
apparatuses used in this research was equipped with a mid-height probe to measure
locally the pore water pressure, therefore the degree of drainage could not be checked.
However, data from the 100 mm diameter samples in triaxial tests equipped with mid-
height probes suggests that the rate applied were acceptable (Hosseini Kamal, 2012).
The lengths of the drainage paths in both HCAs were at least 1.5 time shorter than that
of a 100 mm diameter triaxial tests, and making the drainage at least 2.25 times faster.
Anisotropic consolidation
At the end of the isotropic stage, a pause period of several days was implemented to
allow for stabilisation. As with any other pause period during testing, the reducing creep
strain rates were monitored to check for stabilisation. In the case of the ICRCHCA tests,
the small strain shear stiffness was also checked using the resonant column device. Creep
strain rates were estimated to be negligible when they reduced below 2 · 10−3 % per hour
for external measurements. This number was selected so that the creep rate was at least
100 times smaller than the shearing rate applied subsequently (see Section 5.2.2). As
suggested by Nishimura (2006), the rate of resonant frequency shift was also monitored
by the resonant column techniques. It was deemed negligible when the shift fell below
0.5 Hz/day.
Once these criteria had been satisfied, anisotropic consolidation was started, changing
the q value at constant p’ at a rate of 1− 2 kPa/h up to the in-situ stresses. However, as
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Test 1 − 3 at first rupture
reference [%]
IC0000 2.2
IC2300 1.5
IC4500 1.5
IC0005 2.5
IC2305 1.6
IC4505 0.9
IC6705 0.8
IC9005 1.9
IC9010 1.5
Average 1.6
Standard deviation 0.55
Table 5.2: Strain levels at first rupture (e.g. apparition of strain localisation) on block
samples of London clay sheared from isotropic state (Nishimura, 2006)
the anisotropic consolidation stage was likely to bring the sample close to passive failure
(see Section 5.3), strains were monitored during this stage to prevent premature failure.
Since the axial strain was the largest during this stage, the limiting criterion was applied
to it. The extension path was halted if the axial strain reached 0.5 %. This criterion was
chosen empirically by Nishimura (2006). However, his results from tests on block samples
of London clay sheared from an isotropic state showed that strain localisation and shear
band development starts after 1 – 2 % of strain 1−3, as highlighted in Table 5.2. From
Equation 4.11 in Chapter 4, it can be seen that when there is no torsional shear strain
1 − 3 = |z − θ|, and therefore in drained extension where the circumferential strain
is relatively small, the 1− 3 strain and the axial strain are roughly similar. Therefore,
keeping the axial strain below 0.5 % reduces the risk of generating strain localisation
during re-consolidation.
Overall, re-consolidation to the in-situ stress state took 2 to 3 weeks per sample.
5.2.2 Shearing Scheme
The present research mainly focuses on studying and comparing shear strength aniso-
tropy. The shearing scheme was designed with this in mind. In a HCA, four independent
stress parameters can be controlled: p, q, α and b. As seen in Chapter 2, the ability to
vary the orientation of principal stress α in a controlled manner is critical for studying
the anisotropy of soils. Therefore, it was decided to concentrate on the effects of α on the
shear strength. For each soil, several undrained shear tests were performed at different
α values each, but all with the same b value. It would have been interesting as well
to study the effects of the intermediate principal stress by varying b, but this was not
possible within the project time scale.
The optimum approach to obtain information within feasible time was to conduct a
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set of five tests at evenly distributed α values at 0, 23, 45, 67 and 90◦. The b value was
selected to minimize the presence of non-uniformities during testing in the HCAs. Based
on the study presented in Chapter 4, choosing b=0.5 provides the best compromise over
the range of α considered, as presented in Figure 5.9.
Shearing was performed undrained for several reasons. First, with such low per-
meability clays, many practical engineering stability assessments become most critical
under undrained conditions. Secondly, drained tests would extend over much longer
periods, and in the case of the ICRCHCA, this would mean having to perform cell water
replacements at several critical times during the test. While it is estimated that cell
water replacement did not introduce much disturbance (see Section 4.2.1 in Chapter 4),
it would still be a problem at the earlier stage of shearing where very fine control was
needed to try obtain reliable stiffness measurements. Thirdly, by making careful pore
water pressure measurements, both effective and total stress parameters can be deduced
from consolidated undrained tests.
b change
In their in-situ state, highly over-consolidated clays usually have higher horizontal stresses
than vertical. Therefore at the end of re-consolidation to in-situ stresses, all the soils
were at α=90◦ and b=1. The first step was to change the b value from 1 to 0.5. Follow-
ing from Nishimura (2006), the b-change was performed undrained. It was considered
that any movement from the in-situ state was part of the shearing process, and should
therefore be undrained.
During the b change, the parameters p, q and α were maintained constant. The rate
applied to change b was of −0.1 /h, so the process took 5 hours. This stage usually
generated little strain and a rest period of 12 to 16 hours was sufficient for creep strains
to fall below the criterion given in Sub-section 5.2.1.
shearing
From this point, two options were available for shearing, which are presented in Fig-
ure 5.10.
The first option, used in many previous researches with HCAs at Imperial College
(Menkiti, 1995; Zdravkovic, 1996; Rolo, 2003; Foundoukos, 2006) consists in shearing
at constant α value. Since the present tests start from α=90◦, this would necessitate
introducing an extra step of rotating the α value from 90 to the desired shearing value,
as seen in Figure 5.10. The sample could then be sheared at constant α, b and p.
However, the α rotation stage can put the soil at risk of failure, and some researchers
preceded it by an undrained unloading (reduction of q) to prevent this happening. A
typical example of the procedure in this type of test is presented in Figure 5.11.
The second option, used by Whittle et al. (1994) and Nishimura (2006) is to shear at
a constant orientation of principal stress increment αdσ as defined in Figure 5.12. In this
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case, the stress path is linear in τzθ− (σz−σθ)/2 space. The α value varies continuously
from 90◦ during shearing while b and p are maintained constant. The αdσ has to be
chosen carefully to achieve failure at approximately the desired α value.
This research opted for the second solution for three reasons. First, it is deemed to
be a more realistic representation of what would be happening during an engineering
application that imposed continuous rotation of principal stress axes. For example, Fig-
ure 5.13 presents the variation of α during the construction of a multistage embankment
obtained from numerical analysis. In such a problem, the α value of an element of soil
below a slope of the embankment rotates continuously as the construction progresses.
Noting that the strains generated during the b change are small, the incremental path
matches better in-situ conditions. Secondly, as stated before, α rotation may put the
soil at risk of failure unless an unloading stage is performed. For stiff clays reconsoli-
dated to states relatively close to their passive failure (see Section 5.3), it is likely that a
significant reduction in q would be necessary to perform an α rotation. This would most
probably generate significant strain and stress changes within the samples, making the
whole process of re-consolidating to in-situ stresses rather pointless. Finally, adopting
a similar scheme to Nishimura (2006) facilitates comparison with his results on London
clay.
The tests were performed under strain control: for tests at 0◦ and 90◦, axial strain
was controlled while for all other tests, which involved applying torsion to the sample,
the torsional shear strain was controlled. The strain rate was based on a deviatoric
strain rate ˙d of 0.15 %/h. This rate was chosen so that the shearing stage could be
complete within 3 to 4 days. In this way, it was not necessary to change the water of
the ICRCHCA outer cell during the last stage, reducing any disturbance to the sample.
While this was not necessary for tests performed in the Mark II ICHCA, the same rate
was applied for consistency.
Simple shear
One simple shear test was also performed on each type of soil with the ICRCHCA.
As for all the other tests, the specimens were reconsolidated to their estimated in-situ
stresses. Simple shear requires application of shear stress under plane strain conditions.
To obtain plane strain conditions in a HCA, indirect means were used. The inner cell was
isolated to keep the inner cell volume constant. The axial displacement was restrained
by a blocking bar rigidly connected to the axial shaft coupled with an additional servo-
algorithm written by Nishimura (2006) that compensated for compliance and maintained
the axial strain below 2 · 10−3 %. Assuming that the soil deforms as a cylinder, keeping
the height and inner radius constant under undrained conditions (where the sample
volume is constant), means that the outer radius is also kept constant. This ensures
plane strain conditions in the radial direction. In practice, however, the specimen rarely
deformed as a perfect cylinder. Yet, the assumptions required to calculate averages strain
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and stresses in HCA tests (see Chapter 4) were maintained for the analysis assuming
that the average values should correspond to plane strain conditions. The strain rate
used in simple shear was the same as in all the other tests.
5.2.3 Tests performed
The tests performed for each soil are summarised in Tables 5.3, 5.4 and 5.5. The reference
of each test is based on the following scheme:
First letter stands for the type of soil used: O for Oxford clay, K for Kimmeridge
clay and G for Gault clay.
Second letter indicates the the type of test: A for Anisotropically consolidated,
T for Trial test, SS for Simple Shear.
Numbers in the case of A and T, numbers are added to specify the stress path
of the test: the first pair of number refers to the intended α value at failure and
the second pair to the b value.
The tests designated with a * are tests which had to be repeated because a problem
occurred during the shear stage: in OA0005*, the inner cell pressure controller jammed
and the b value was not maintained at 0.5, while during GA2305* failure of the air system
caused all pressures to fall suddenly. Also, three tests had problems of air diffusing to the
sample, OA4505, OASS and KASS, leading to low values of the pore pressure coefficient
B prior to shear, of 85, 85 and 70 % respectively.
The actual α values at peak q usually differed from the intended one by no more
than 5◦. The estimates made of the effective stress path and shear strengths of the soil
when selecting αdσ were generally appropriate.
Oxford and Gault clay tests were performed in the ICRCHCA. The Oxford clay series
included two trial tests (OT) performed at lower initial effective stresses than the main
OA series. It may be noted that all tests from the main OA series were not sheared from
the exactly same initial stress. This is due to an initial error in the calibration of the
combined load cell. However, the effects of those differences are estimated to be small.
After test OA6705, a leak check revealed a small leak which was not detectable during
the test itself as it was minor compared to the sample’s own volume change.
Kimmeridge clay tests were performed in the Mark II ICHCA, except for the simple
shear test KASS which was in the ICRCHCA. In the Mark II ICHCA, it would have been
interesting to perform stress probes to determine the stiffness properties, especially for
torsional shear stiffness Gzθ which can not be obtained from static probes in a triaxial
apparatus. However, this was not practical within the time limit of this project. There
were also questions over wherever the instruments would be accurate enough, especially
the measurements of the radial displacement, in light of the problems encountered by
Hosseini Kamal (2012) in his stress probing tests on Kimmeridge clay. Moreover, a
recurrent leakage problem in the shear electro-level of the Mark II ICHCA meant that
it was only truly operational during test KA4505.
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Test Sample Depth Apparatus Type of p′0 q0 α at b
reference type test qpeak
[m] [kPa] [kPa] [Degree] [-]
OA0005 block 10 ICRCHCA constant αdσ 250 130 0 0.5
OA2305 block 10 ICRCHCA constant αdσ 250 130 22 0.5
OA4505 block 10 ICRCHCA constant αdσ 252 125 43 0.5
OA6705 block 10 ICRCHCA constant αdσ 250 130 69 0.5
OA9005 block 10 ICRCHCA constant αdσ 252 125 90 0.5
OA0005* block 10 ICRCHCA constant αdσ 252 125 0 0.5
OASS block 10 ICRCHCA Simple shear 250 130 – –
OT9005a block 10 ICRCHCA constant αdσ 100 63 90 0.5
OT9005b block 10 ICRCHCA constant αdσ 130 0 90 0.5
Table 5.3: Summary of the tests performed on Oxford clay in the present study
Test Sample Depth Apparatus Type of p′0 q0 α at b
reference type test qpeak
[m] [kPa] [kPa] [Degree] [-]
KA0005 Rotary 11.445 Mark II HCA constant αdσ 186 97 0 0.5
KA2305 Rotary 11.17 Mark II HCA constant αdσ 186 97 21 0.5
KA4505 Rotary 11.52 Mark II HCA constant αdσ 186 97 40 0.5
KA6705 Rotary 11.935 Mark II HCA constant αdσ 186 97 63 0.5
KA9005 Rotary 11.69 Mark II HCA constant αdσ 186 97 90 0.5
KT9005 Rotary 8.55 Mark II HCA constant αdσ 186 97 90 0.5
KASS Rotary 8.975 ICRCHCA Simple shear 186 97 – –
Table 5.4: Summary of the tests performed on Kimmeridge clay in the present study
Test Sample Depth Apparatus Type of p′0 q0 α at b
reference type test qpeak
[m] [kPa] [kPa] [Degree] [-]
GA0005 Rotary 9.50 ICRCHCA constant αdσ 163 85 0 0.5
GA2305 Rotary 9.76 ICRCHCA constant αdσ 163 85 21 0.5
GA4505 Rotary 11.77 ICRCHCA constant αdσ 163 85 39 0.5
GA6705 Rotary 10.60 ICRCHCA constant αdσ 163 85 65 0.5
GA9005 Rotary 10.30 ICRCHCA constant αdσ 163 85 90 0.5
GA2305* Rotary 12.47 ICRCHCA constant αdσ 163 85 20 0.5
GASS Rotary 10.85 ICRCHCA Simple shear 163 85 – –
Table 5.5: Summary of the tests performed on Gault clay in the present study
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Figure 5.8: Schematic of the re-consolidation to in-situ stresses from the initial isotropic
stress recorded in the HCA
Figure 5.9: Diagram of the shearing scheme for each soil in α-b space
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(a) Option 1 (b) Option 2
Figure 5.10: Two possible options for undrained shearing paths starting from in-situ
stresses in the HCA
Figure 5.11: Typical procedure for shearing with option 1 (from Zdravkovic & Jardine
(2000))
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Figure 5.12: Details of the shear stress paths in option 2
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Figure 5.13: Rotation of σ1 axes during the construction of an embankment on soft
ground based on a numerical analysis by Jardine & Smith (1991) (a) locations of five
points (b) variations of α at those locations (after Zdravkovic & Jardine (2001))
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5.3 Determination of in-situ state
In this research it was intended to shear samples from their estimated in-situ states,
for the reasons detailed in Section 5.2. The determination of the in-situ stresses is a
difficult problem, especially for such highly over-consolidated clays. Estimating the ver-
tical effective stress is usually straight forward, requiring only knowledge of the density
of the soil and the hydro-geological conditions. However, there are many uncertainties
concerning the determination horizontal effective stresses. The in-situ horizontal stress
σ′h0 is usually related to the vertical one σ
′
v0 by the coefficient of earth pressure at rest,
K0 defined as:
K0 =
σ′h0
σ′v0
(5.1)
In this case, it is assumed that the stress field is isotropic in the horizontal plane, which
may not be the case if there is tectonic activity or faulting in the vicinity. This section
details the diverse methods used to determine the K0 in this research, how those were
applied for the three clays, and which final values were selected.
5.3.1 Methods
Three independent methods were used to determine the K0 of each soil. First, a the-
oretical approach aimed at reconstructing the stress history of the soil. Secondly, the
measurement of the sample suction in the laboratory was used to deduce the K0 based on
several assumptions. Thirdly, whenever possible, data presenting direct measurements
from in-situ testing were evaluated.
Reconstruction of stress history
A simple geological model was used to represent the stress history of the soil, which
is presented in Figure 5.14. It consists of two phases: an initial period of monotonic
loading during the deposition and burial of the sediments up to a maximum depth of
burial, followed by a monotonic unloading to the present state. Re-loading by quaternary
deposits was not considered as no significant layer of such deposits was observed at any
of the site as shown in the site profiles presented in Chapter 3.
During the loading of the soil, it was assumed that the relationship between the
two stresses is simply linear, that is that K0 is a constant, usually referred to as K0nc
(see Figure 5.14). Several expressions are available in the literature for K0nc (Jaky, 1948;
Bolton, 1991; Brooker & Ireland, 1965; Simpson, 1992). All are expressed as relationships
between K0nc and the effective angle of shearing resistance of the reconstituted material
φ′, either theoretically or empirically derived. The various expressions give similar values
of K0nc with small differences (Sivakumar et al., 2002). Therefore, the widely used
expression proposed by Jaky (1948) was selected in the present study:
K0nc = 1− sin(φ′) (5.2)
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During unloading, it is usually agreed that the relationship becomes non-linear, and
that the K0 increases as the vertical stress decreases. The K0 for an overconsolidated
soil, noted K0oc, is therefore dependent on the overconsolidated ratio OCR defined as:
OCR =
σ′vmax
σ′v0
(5.3)
where σ′vmax is maximum vertical stress experienced by the soil and σ′v0 is the current
one. A variety of empirical relationships between K0oc, OCR and other parameters are
available in the literature, leading to very different values of K0oc. Many are of the
following form (Sivakumar et al., 2002):
K0oc = K0nc[OCR]
m (5.4)
Each relationship defines the factor m differently. One of the most used expression is
that proposed by Mayne & Kulhawy (1982) with m = sin(φ′). More recently, Sivakumar
et al. (2002, 2009) suggested the following relationship based on theoretical analysis:
K0oc =
1
η
[1− (1− ηK0nc)OCR1−χ] (5.5)
 η =
∆σ′v
∆σ′h
is the slope of an undrained triaxial compression stress path assuming
that the behaviour of the soil pre-failure is anisotropic elastic
 χ =
κ1D
κIS
, is the ratio of the slope of the laboratory one dimensional unloading line
(1DURL) to the slope of the in-situ isotropic reloading line (ISURL) in v− ln(σ′v)
space (see Figure 5.15 for definition).
In this relationship, the effects of the anisotropy of the clay is taken into account by the
parameter η and the effects of structure are modelled by χ.
However, no matter how advanced the relationship, an accurate estimation of the
current OCR is still needed to provide an accurate value of K0. As seen in Chap-
ter 3, there are huge uncertainties concerning the maximum depth of burial of the UK
mudrocks, sometimes up to a factor of three. To calculate the maximum overburden
pressure from the maximum depth, the density of the overlying material is also needed,
adding more uncertainties, as the nature of the material which has been eroded is some-
times unknown. Therefore, it is very difficult to obtain a good estimate of the OCR
from geological studies. An alternative laboratory technique could be envisaged, such as
determining the pre-consolidation pressure from oedometer tests. However, as seen in
Chapter 2, it is now well known that in ‘structured’ clay the yielding pressure does not
necessarily correspond to the pre-consolidation pressure. Moreover, Gasparre & Coop
(2008) showed that in the case of their highly over-consolidated London clay, the yielding
pressure is usually difficult to define due to the gradual process of yield. Therefore, the
laboratory determination of OCR in itself is also hazardous for those soils.
Based on the previous considerations and taking into account that the extra pa-
rameters necessary for the Sivakumar et al. (2009) model were not available when the
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analysis were made, the classical equation by Mayne & Kulhawy (1982) was selected for
preliminary analysis. It is good to keep in mind that the model itself is highly simplified.
Indeed, the stress histories of those soils are much more complex: they would have been
submitted to loading-unloading cycles by successive deposition and erosion phases even
during the ‘loading stage’ O-A, to such cycles again by the growth and retreat of glaciers
during the ice age, more recently the effective stress within the ground would have also
been affected by variation of water table level and the presence of trees generating high
suction in the soil, as seen for the blocks of Gault clay. Apart from the effect of stress
history itself, it is also unsure how the development of structure, especially via chemical
action, affects the K0 value. For example, Nygard et al. (2004a) suggested based on
laboratory test on Kimmeridge clay that cementation reduces the K0. From all this,
it is clear that for heavily over-consolidated clays, this method is unlikely to give very
accurate results for K0 values, and only a range of values can be expected.
Sample suction measurements
The second method used in this research to determine the K0 was based on measurements
of the matrix suction of the sample. Indeed, during the sampling of a cohesive material,
the total stresses of the removed soil become null, and negative pore water pressures
are generated. In ‘perfect sampling’, it is assumed that there is minimal mechanical
disturbance occasioned during the process and that the only changes applied to the
sample are the removal of the in-situ total stresses (Skempton & Sowa, 1963). This will
be the case for the rest of this analysis. As clays are usually not under isotropic stress
conditions in-situ (K0 6=1), and assuming that the stress conditions under suction is
isotropic and uniform, this means that perfect sampling moves an anisotropic state to
an isotropic one, with removal of the deviatoric stress during the process, as illustrated
in Figure 5.16. It is also assumed that the process is undrained.
For an isotropic elastic linear material, during ‘perfect sampling’ there would be no
change of mean effective stress. However, as seen in Chapter 2, stiff clays are non-linear
anisotropic materials. Therefore, changes in p’ occur even when considering ‘perfect
sampling’. To determine the K0 of the soil from the final suction measured in the lab-
oratory, the effective stress path followed during sampling must be modelled. Using a
more accurate anisotropic non-linear model would be relatively demanding and neces-
sitate a detailed knowledge of stiffness degradation and anisotropy of the clays, which
were clearly not available at the beginning of this project (see Chapter 3). However, as
highlighted by Sivakumar et al. (2009), anisotropy can be easily taken into account in a
simple approach based on results from triaxial compression tests. In this case, the clay
is modelled as cross-anisotropic elastic material. The K0 value can be obtained from the
following equation:
K0 =
ps/σ
′
v0 −As
1−As (5.6)
where ps is the suction measured in the sample and As is the pore water pressure
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coefficient introduced by Skempton & Sowa (1963), which takes into account the pore
water pressure changes during undrained stress paths. For an isotropic material in an
axially symmetrical stress path (∆σ2 = ∆σ3), As is equal to 1/3 (Skempton & Sowa,
1963). For an anisotropic elastic material, As can be deduced from the slope of an
undrained stress path, that is from the initial slope of an undrained triaxial compression
test using the following equation:
As =
1
3
− ∆p
′
∆q
(5.7)
For a heavily over-consolidated clay the horizontal stiffness is expected to be higher than
the vertical one, and therefore the slope in q-p’ space is negative, so that the suction
measured is lower than the in-situ p’.
Suction was measured using two different techniques. Direct measurements with a
suction probe were performed on a selected block for Oxford clay and on a selected
rotary cored sample for the Gault and Kimmeridge clay. In the second method, the
initial p’ measured after the initial undrained pressurisation of the sample was assumed
to be equal to the suction in the sample. In the later method, disturbances generated
during the sample preparation and set-up procedure are added to any previous ones
due to sampling. Moreover, the accuracy of the measurement is also dependent on a
full saturation of the system: no air should be entrapped between the sample and the
membrane or anywhere in the drainage system of the apparatus. Therefore the later
method is assumed to be less accurate. However, as seen in Section 5.1, improvements
in the procedures from the beginning of the project reduced the difference between the
suction measured in the apparatus and the suction probe measurements for Oxford clay.
It should be noted however, that the determination of the in-situ stress for testing was
mainly based on the early suction probe measurements, as no other data was available
from the testing at the time of the decision.
In-situ measurements
K0 can also be derived from in-situ measurements of the horizontal stresses, using self-
boring pressuremeter (SPBM) or dilatometer (DMT) tests. Empirical correlations also
exist in the literature between some in-situ tests (such as SPT, CPT) and K0. However,
such correlations show great scatter and are often considered to be unreliable (Lunne
et al., 1997). Many rely on correlation with intermediate factors such as OCR to derive
the K0. The in-situ investigation performed at each site for the present project consists
of seismic CPT with a piezocone profiling. The only exception was the Kimmeridge
clay site which also comprised a seismic DMT profile. In the absence of site specific
correlations available, correlations between K0 and the CPT trace were deemed unreli-
able. Consequently, results of SPBM tests at the sites available from the literature were
considered in the following analysis.
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5.3.2 In-situ stresses of Oxford, Gault and Kimmeridge samples
This section details the application of the three methods described in Section 5.3.1 to
the three clays tested in the present research. The estimated in-situ stresses are then
selected.
Oxford clay
Estimated K0 value The stress history model for Oxford Clay is presented in Fig-
ure 5.17(a) based on the information presented in Chapter 3. The unit weight of the
overburden material was assumed to be 20 kN/m3 on average. The φ′cs was taken as
25− 26◦ based on the values obtained from the literature (see Chapter 3), which were
broadly confirmed by later triaxial tests (Gao, 2009; Hosseini Kamal, 2012). From this
analysis, the K0 at 10 m is estimated to be around 3 − 4. Figure 5.17(a) also plots the
line corresponding to the passive failure ratio defined as:
Kp =
1 + sin(φ′)
1− sin(φ′) (5.8)
where φ′ is the angle of shearing resistance, indicating a stress state very close to the
passive failure envelope. In fact, for the upper range of K0 values, the soil should have
failed, which may be linked to the presence of fissures in the material.
Table 5.6 presents the suction values of the Oxford clay boxes obtained from the
two methods described above. As explained in Section 5.1, as Oxford clay was the
first soil to be tested, the preparation procedure was progressively optimized, and the
earlier tests had unrepresentatively high initial values of suction. For the later tests, the
suctions obtained compare well with the one obtained from the suction probe presented
in Figure 5.20. The suction in the block is therefore estimated with reasonable confidence
to be around 200− 220 kPa. The Skempton’s As value was taken as 0.7− 0.8 based on
data of undrained compression triaxial tests from Pierpoint (1996). In the Oxford clay
case, the stress changes from the excavation process prior to sampling had also to be
taken into account when considering the in-situ stresses as presented in Figure 5.18.
Table 5.8 summarises the range of K0 obtained from the suction measurements based on
the site conditions presented in Table 5.7. The resulting range of 4 to 7 is even higher
than that obtained from the past stress history.
In-situ measurements of K0 were available at the nearby Elstow site, from the site
investigation performed for the trial excavation (Pierpoint, 1996). Tests were performed
with a self boring pressuremeter and a high pressure borehole dilatometer from which
the profile of horizontal in-situ stresses were deduced (Pierpoint, 1996). The resulting
K0 profile is presented in Figure 5.17(b). At 10 m depth, even more extreme K0 values
were interpreted, between 5 and 11, with an average around 8.
Actual stress state used It is clear that the K0 values indicated above, especially
those deduced from suction and in-situ measurements, are extremely high. They are
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Test Initial p’ Depth
reference [kPa] [m]
OA0005 230 10
OA2305 200 10
OA4505 440 10
OA6705 190 10
OA9005 317 10
OA0005* 272 10
OASS 255 10
Average 272
Standard deviation 94
Suction probe 215 10
Table 5.6: Suction measurements on block samples of Oxford clay (Average and standard
deviation exclude OA0005*)
Bulk unit weight 19 kN/m3
Water table level [BGL] 1 m
Sample Depth [BGL] 10 m
Estimated in-situ σ′v 101.71 kPa
Estimated ∆p′e due to excavation 20 kPa
Estimated ∆qe due to excavation -30 kPa
Table 5.7: Summary of the in-situ conditions for block samples of Oxford clay
Suction [kPa] 200 220
As coefficient 0.7 0.8 0.7 0.8
K0 3.93 5.54 4.58 6.52
Table 5.8: K0 values for Oxford clay deducted from suction measurements
far beyond the acceptable values delimited by passive failure, with Kp values of 2 − 3,
unless a significant value of cohesion is assumed. It was expected that re-consolidating
the samples to such stress states would lead to excessive strains, or premature failures.
Therefore, it was deemed safer to choose a K0 value in the lower range that would make
it possible in practice to attain this target stress state.
With the case of Oxford clay, the samples consistently reached the limiting criterion
of 0.5 % axial strain long before reaching the lower band estimate for in-situ K0 (of 3.2)
during anisotropic consolidation. As a result, the K0 applied in testing was limited to
1.8 as shown in Table 5.9. The vertical stress applied was kept higher than the in-situ
one and the horizontal stress was lower than the estimated one to keep p′0 close to that
interpreted as acting in-situ. This may lead to stiffness anisotropy being marginally
different than in-situ (i.e. less marked). However, it was applied to ensure matching
mean effective stress that not impact the shear strength behaviour significantly, which
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Estimated in-situ Re-consolidation target Unit
value (value used)
K0 3.2 1.8 –
σ′v 102 163 kPa
σ′h 324 293 kPa
p’ 250 250 kPa
q -223 -130 kPa
Table 5.9: Estimated and actually used values of in-situ stresses for block samples of
Oxford clay
is the main interest in this research.
Kimmeridge clay
The strategy applied to the research on the rotary cored soils, was to focus the HCA
testing on samples from around 10 m depth. Samples were taken from only two boreholes
at each site and they were shared with other researchers on the same project (Wilkinson,
2011; Hosseini Kamal, 2012). As a result, all Kimmeridge clay samples used in this
research were taken from slightly deeper depths, between 11 and 12 m BGL but the
following analyses are based on a 10 m deep reference.
The reconstitution of the stress history for Kimmeridge clay is presented in Fig-
ure 5.19(a). The assumptions involved are similar to the ones used for Oxford clay with
the exception of the φ′cs which was taken as 22− 24◦ based on triaxial data from Moran
(2010). The corresponding range for K0 is about 2 − 3. Once again the values lie very
close to the passive failure line.
The suction measurements obtained in the laboratory for Kimmeridge clay are pre-
sented in Table 5.10. The suction measurements in the apparatus are relatively consistent
with a small standard deviation of 23 kPa from the average, which is within the range
expected for samples situated between 11 and 12 m depth. The only exception is test
KT9005 which was a trial test. KT9005 presented very high suction due to it being the
first attempt to set up a clay sample in the Mark II ICHCA. However, the average value
of 136 kPa of the other 6 tests is quite inferior to the 190 kPa measurement with the
suction probes on 10.45 m depth sample presented in Figure 5.20. It is unsure why this
is the case, as if anything the values could be expected to be higher as they are from
slightly deeper depth and as they may have slightly dried during the sample preparation
process. Skempton’s As value lies between 0.7−0.75 for Kimmeridge clay based on triax-
ial compression tests by Hosseini Kamal (2012). The in-situ conditions for Kimmeridge
clay are presented in Table 5.11 and the resulting K0 on Table 5.12, the values varying
from 1.4 to 3.25. This range is in better agreement with the ones obtained from stress
history than was the case for Oxford clay.
The profile of K0 obtained from in-situ dilatometer tests performed for this project
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Test Initial p’ Depth
reference [kPa] [m]
KA0005 167 11.445
KA2305 125 11.17
KA4505 125 11.52
KA6705 105 11.935
KA9005 160 11.69
KT9005 425 8.55
KASS 135 8.975
Average 136
Standard deviation 23
Suction probe 190 10.45
Table 5.10: Suction measurements on rotary cored samples of Kimmeridge clay (Average
and Standard deviation exclude KT9005)
Bulk unit weight 21 kN/m3
Water table level [BGL] 1 m
Sample Depth [BGL] 10 m
Estimated in-situ σ′v 121.71 kPa
Table 5.11: Summary of the in-situ conditions for rotary cored sample of Kimmeridge
clay from 10 m
Suction [kPa] 136 190
As coefficient 0.7 0.75 0.7 0.75
K0 1.39 1.47 2.87 3.24
Table 5.12: K0 values for Kimmeridge clay deducted from suction measurements
at Willowbrook farm is presented in Figure 5.19(b). The profile was derived based on the
correlations proposed by Marchetti (1980), which assumed that the clay is ‘uncemented’.
The indicated K0 values around 10 m depth are about 1.6− 1.9.
The measurements of K0 for Kimmeridge clay are more consistent, suggesting K0
values between 1.5−3. Based on the in-situ measurements, and the previous experiences
with Oxford clay and Gault clay which showed that samples started developing excessive
strains at K0 of about 2, it was decided to apply a K0 of 1.8, leading to the stress state
presented in Table 5.13. This also offered the advantage of compatibility with the Oxford
and Gault clay tests.
Gault clay
In the same way as for Kimmeridge clay, it was intended to test samples from a nominal
depth of 10 m. In practice, the sample depths range from 9.5 to 12.5 m (see Table 5.14).
The stress history of Gault clay is presented in Figure 5.21(a) based on similar
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Estimated in-situ Unit
value
K0 1.8 –
σ′v 121 kPa
σ′h 218 kPa
p’ 186 kPa
q -97 kPa
Table 5.13: Estimated values of in-situ stresses for rotary cored samples of Kimmeridge
clay from 10 m depth
Test Initial p’ Depth
reference [kPa] [m]
GA0005 125 9.50
GA2305 145 9.76
GA4505 115 11.77
GA6705 198 10.60
GA9005 135 10.30
GA2305* 275 12.47
GASS 90 10.85
Average 135
Standard deviation 36
Suction probe 95 9.60
Table 5.14: Suction measurements on rotary cored samples of Gault clay (Average and
standard deviation exclude GA2305*)
assumptions to the other two soils. The operational φ′ assumed for Gault clay was
24− 25◦ leading to K0 values ranging from 1.8 to 2.9 at 10 m depth.
Suction measurements for Gault clay are presented in Table 5.14. The suctions
obtained in the HCA are more scattered than for Kimmeridge, but still fall within a
reasonable range. However, the values are higher than that obtained from the suction
probe on a 9.6 m depth sample presented in Figure 5.20. Based on initial triaxial tests
(Hosseini Kamal, 2012), the Skempton’s As parameter was taken as 0.70 − 0.73. The
in-situ conditions used are presented in Table 5.15 with the resulting K0 summarised
in Table 5.16. The measurements obtained with the suction probe are actually lower
than the in-situ vertical stress, leading to a K0 value lower than unity, which would
be surprising for such a heavily over-consolidated clay. As observed in Chapter 3, it is
likely that the sample from 9.6 m depth has been in contact with the drilling fluid due
to the fissured nature of the material. In view of this result, some swelling had probably
occurred in this particular sample. It is therefore estimated that the actual K0 is more
likely to be around 1.8 − 2, or possibly higher since it is unknown if any of the other
samples had also swelled during sampling.
Butcher & Lord (1993) performed in-situ measurements of horizontal stresses at High
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Bulk unit weight 19.5 kN/m3
Water table level [BGL] 1 m
Sample Depth [BGL] 10 m
Estimated in-situ σ′v 106.71 kPa
Table 5.15: Summary of the in-situ conditions for rotary cored sample of Gault clay
from 10 m
Suction [kPa] 95 135
As coefficient 0.7 0.73 0.7 0.73
K0 0.63 0.59 1.88 1.98
Table 5.16: K0 values for Gault clay deducted from suction measurements
Estimated in-situ Unit
value
K0 1.8 –
σ′v 106 kPa
σ′h 191 kPa
p’ 163 kPa
q -85 kPa
Table 5.17: Estimated values of in-situ stresses for rotary cored samples of Gault clay
from 10 m depth
Cross with the help of various techniques: dilatometer, self-boring pressuremeter and
spade cells. Their profile of horizontal stress was used to obtain the K0 profile presented
in Figure 5.21(b) based on the assumptions that the water table was at a similar level
to the present one and that no trees were present then at the site. Based on this profile,
the in-situ range for K0 at 10 m is between 1.8− 2.1.
Once again, a large range of possible K0 was obtained from the different methods. As
explained before, K0 values higher than 2 were thought likely to risk premature failure.
A K0 of 1.8 was chosen again as it was within the possible range, practically attainable
and offered compatibility with the other two clays. The corresponding in-situ stresses
are given in Table 5.17.
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Figure 5.14: Model to represent the stress history of the soil
Figure 5.15: Definition of parameters for calculation of K0oc with Sivakumar et al.
(2009)’s equation O-A-B: path followed by the clay over geological time, B-C: perfect
sampling, C-E: Isotropic reloading in the laboratory
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Figure 5.16: Schematic of the stress changes during perfect sampling
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Figure 5.17: Stress history and K0 profile from in-situ testing for Oxford clay samples
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Figure 5.18: Diagram of the stress changes from in-situ stresses in the Oxford clay case
(not to scale)
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Figure 5.19: Stress history and K0 profile from in-situ testing for Kimmeridge clay
(DMT tests were performed for Imperial College at Willowbrook farm by ‘In-situ Site
Investigation’)
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Figure 5.21: Stress history and K0 profile from in-situ testing for Gault clay
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5.4 Sample quality
This section focuses on evaluating the quality of the samples used in this research as
well as their uniformity for each soil. The locations of the samples varied between tests
either horizontally for the blocks, or vertically from the nominal 10 m depth target for
the rotary cored samples. This may have introduced variations of the soil property from
sample to sample, which would bias the test results.
So the uniformity and quality of each batch of samples chosen was evaluated through
a range of parameters: water contents and index tests, values of dynamic shear stiffness
at estimated in-situ stresses, measurements of sample suction and the strains developed
during re-consolidation to the estimated in-situ stresses.
5.4.1 Oxford clay
Seven blocks of Oxford clay were retrieved from a site near Bedford in September 2007.
Nine HCA samples trimmed from the blocks were tested successfully over the course of
this research (see Table 5.3). The storage time of the HCA samples was less than 2 years
for all tests except OASS, which was 3 years.
Natural water content, initial void ratio and index tests
The moisture contents and index properties of the samples tested are presented in Ta-
ble 5.18. For Oxford clay, six water contents were taken on the outside of the sample
during trimming and two to three of the inner part during drilling.
The outer part tends to have slightly higher water content than the inner, which is
surprising for samples taken from the central part of a block. This does not appear to
result from the use of the water spray, as the difference is also observed when it was not
implemented yet (tests OA4505 and OA9005). This maybe a sign of progressive drying
of the sample during the long preparation process, as the inner moisture contents were
taken at a later stage than the outer ones. The average value of four moisture contents
taken on site at the time of sampling is slightly higher (26.28 %) than the laboratory
average (25.36 %). However, this difference still falls within one standard deviation, and
considering that only four measurements were made on site, it is concluded that only
limited drying took place during sampling, transport and storage.
The standard deviation observed for water contents across a sample is similar to that
observed across different samples, showing that the values are consistent and relatively
uniform between samples. Other parameters such as density, plastic and liquid limits
also show good consistency. The plastic limit lies close to the 33 % value obtained by
Arup (2007) for similar depths, and similarly the liquid limit is within the range obtained
by the same study, between 64 and 69 %.
As suggested by Gasparre (2006), four different methods were used to calculate the
initial void ratio of each sample, based on the initial water content, the initial bulk unit
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Test Density Water Outer Inner Plastic Liquid Plastic
reference content WC WC Limit Limit Index
[Mg/m3] [%] [%] [%] [%] [%] [%]
OA0005 1.830 26 26 25 33 64 30
OA2305 1.849 27 27 26 34 67 33
OA4505 1.885 26 26 25 34 68 34
OA6705 1.874 25 25 24 35 65 30
OA9005 1.853 26 26 25 32 66 34
OA0005* 1.836 24 24 24 34 65 31
OASS 1.802 25 25 24 – – –
Average 1.85 25.36 25.53 24.81 33.72 65.81 32.09
Std Dev. 0.03 0.83 0.89 0.72 0.95 1.57 1.78
Table 5.18: Values of density, water content (WC), and index parameters for the Oxford
clay samples (Std Dev.: Standard Deviation)
weight (obtained from the measurements of the sample dimensions), from the dry unit
weight (obtained from water content and bulk unit weight), and from the final water
content and the volume change during the test:
e0 =
Gsw0
Sr
(5.9a)
e0 =
Gs − ρρw
ρ
ρw
− Sr (5.9b)
e0 = Gs
ρw
ρd
(5.9c)
e0 =
Gswf + 
∗
v
Sr − ∗v
(5.9d)
where Gs is the specific gravity, w0, wf the initial and final water contents respectively,
ρ the bulk density of the sample, ρw is the density of water, ρd the dry density, 
∗
v the
volume strain measured by the difference between the final and initial weight of the
sample and Sr the initial saturation degree. The equation based on the dry unit weight
is the only one that is independent of the saturation value, and can therefore be used to
obtain the latter. ∗v is equal to the sum of the water necessary to saturate the sample
(usually sent during the water circulation at the beginning of the test) and the sample
volume change recorded during the test, and is not the actual volumetric strain during
the test.
Table 5.19 presents the initial void ratio obtained from the four methods assuming
the sample is fully saturated (Sr = 1). For the same sample, variations are observed
between the different methods. However, for a same method, the void ratio obtained
is consistent between the samples, with a standard deviation of around 0.02-0.03. This
indicates encouragingly good uniformity. Table 5.19 also presents the value of initial
saturation based on the void ratio from the dry mass. This suggests that slight drying
had probably occurred as most of the values fall between 90 and 97 %. However, there
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Test e0 from Sr
reference initial bulk dry final Average Std [%]
WC density mass WC Dev.
OA0005 0.631 0.759 0.689 0.667 0.686 0.054 92
OA2305 0.637 0.721 0.676 0.679 0.678 0.034 94
OA4505 0.616 0.650 0.632 0.619 0.629 0.015 98
OA6705 0.631 0.670 0.649 0.674 0.656 0.020 97
OA9005 0.593 0.712 0.648 – 0.651 0.060 92
OA0005* 0.653 0.746 0.696 – 0.698 0.047 94
OASS 0.605 0.820 0.701 0.646 0.693 0.093 86
Average 0.624 0.725 0.670 0.657 93.197
Std dev. 0.020 0.057 0.027 0.025 3.853
Table 5.19: Initial void ratios measured from different methods and initial degree of
saturation Sr derived from e0[dry mass] for Oxford clay samples
does not appear to be any clear correlation between the initial p’ measurements and the
calculated degree of saturation (compare with Table 5.20 below).
Initial mean effective stress, in-situ shear stiffnesses and consolidation
strains
Table 5.20 presents the initial p’ measured at the beginning of each HCA test. As
discussed before, the early tests (OA9005, OA4505 and OA0005*) show high values as
the preparation technique had not been optimized. The initial p’ for the last four tests
were much more consistent and close to the suction value measured with a suction probe
(see Figure 5.20). Indeed, the average for the four latest tests is about 218 kPa with a
standard deviation of 30 kPa. For comparison, Nishimura (2006) obtained a standard
deviation of 37 kPa from a series of 20 tests on block samples of London clay in the same
apparatus.
Table 5.20 also presents the shear stiffness values obtained from resonant column
measurements at the estimated in-situ stresses, at the end of anisotropic consolidation.
The three earliest tests have slightly higher values of shear stiffness than the latest. This
may reflect their higher suctions, although it should be noted that due to an error in
the calibration of the load cell, those three tests were reconsolidated to slightly higher
stress values than the estimated ones (see Table 5.3). Overall, the Gzθ at in-situ stresses
from RC tests compare well with the trends observed from in-situ testing presented
in Figure 3.14 in Chapter 3. This suggests that the sampling and re-consolidation
procedures led to little disturbance to the elastic shear stiffness.
The overall strains developed to re-consolidate the sample to in-situ stresses are
presented in Table 5.21. For most tests, the axial, radial and circumferential strains
remained below 0.5 %, the volumetric strains below, or close to, 1 % and the ∆e/e0
below 3 %. Based on the criteria proposed in the literature and presented in Table 5.22,
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Test Initial p’ Gzθ RC
reference [kPa] [MPa]
OA0005 230 79
OA2305 200 81
OA4505 440 97
OA6705 190 81
OA9005 317 89
OA0005* 272 86
OASS 255 81
Average 272 85
Standard deviation 86 6
Table 5.20: Values of intial p’ and Gzθ from Resonant Column test (RC) after re-
consolidation to in-situ stresses
Test z r θ v ∆e/e0
reference [%] [%] [%] [%] [%]
OA0005 0.52 -1.03 -0.54 -1.05 2.59
OA2305 0.18 0.31 -0.29 0.20 -0.49
OA4505 -0.91 -0.42 -0.47 -1.83 4.75
OA6705 0.04 0.21 0.31 0.56 -1.40
OA9005 -0.27 -0.08 -0.83 -1.18 3.00
OA0005* -0.27 -0.80 -0.28 -1.36 3.31
OASS 0.43 -0.93 -0.61 -1.13 2.75
Table 5.21: Strains developed during re-consolidation to in-situ stresses for Oxford clay
tests
Sample quality Very good good fair poor Very
Reference Parameter to excellent poor
Andresen & Kolstad (1979) v [%] ≤ 1 1–2 2–4 4–10 > 10
Lunne et al. (1997) ∆e/e0 [%] ≤ 3 3–5 5–10 > 10
Table 5.22: Criteria proposed in the literature to assess sample quality based on volume
or void ratio changes necessary to re-consolidate the samples to their estimated in-situ
stresses
most of the tested samples belonged to the ‘very good to excellent’ category. However,
it should be noted that those criteria have mostly been selected based on works on low
OCR clays. The noticeable exceptions are again the earliest tests, OA9005, OA4505 and
OA0005*. Due to their high initial suctions, these samples had to follow longer isotropic
consolidation paths. OA0005 also showed relatively high values, although those are not
due to re-consolidation exactly. A problem with the proximity transducers led to the
apparatus being dismantled after the saturation phase to re-positioned those before re-
setting. This dismantling and re-setting process seems to have generated more strains
than expected.
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Macro-structure
From the handling of the samples during preparation, the soil appeared as a slightly
moist very stiff clay of dark brown colour.
Any discontinuities present were also recorded at the end of preparation from vi-
sual inspection of the outer surface of the sample. The resulting map of discontinuities
are presented in Figure 5.22. As expected from the literature study (see Chapter 3),
the samples used in this research exhibited a highly bedded nature. Horizontal to sub-
horizontal closely spaced (a few tens of millimetres) bedding features were observed.
Some samples (OA0005, OA2305 and OASS) also presented a zone of higher density
of bedding features which was about 50 mm in vertical thickness. In these zones, the
bedding feature spacings reduced to less than 5 mm. Open horizontal to sub-horizontal
partings were also present in some samples, probably linked to opening bedding discon-
tinuities. These were spaced at about 100 mm, with around two for a 300 mm block. It
is not clear wherever those are a result of the sampling procedures, or a natural feature
of the soil. When broken open, they usually presented a rough ‘fresh’ surface containing
shell fragments and granular particles (see Figure 3.15 in Chapter 3). No discolouration
was visible, suggesting that neither oxidation, displacement or erosion had taken place.
No discontinuities were observed orientated away from the horizontal.
Shells were a dominant feature in Oxford clay. They were usually white, small (a few
up to a ten of millimetres in length), relatively evenly distributed within samples, and
aligned in the direction of bedding. The ‘high density’ zones were found to contain a
higher concentration of shells and be extremely weak against horizontally applied shear.
They also promoted cracking in samples when the later were laid horizontally rather
then in their in-situ position.
5.4.2 Kimmeridge clay
Kimmeridge clay samples were rotary cored in July 2009 from two boreholes near Steven-
ton in Oxfordshire. Seven samples trimmed from the core were tested successfully in the
HCA (see Table 5.4). Their storage time was between 1 and 2 years for all samples.
Natural water content, initial void ratio and index tests
The moisture contents and index tests for Kimmeridge clay are presented in Table 5.23.
In this case, the retrieved cores had diameters varying from 95 to 105 mm. The aim was
to prepare 100 mm diameter samples so material was hard to obtain for water contents
from the outside of the sample. For Kimmeridge clay, four moisture contents were taken
from the trimmings of the two ends and four from the inner part of each sample during
drilling.
As seen in Table 5.23, the moisture contents were less consistent than for Oxford
clay, with a standard deviation of 2.06 %. If the extreme test KASS is eliminated, the
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Test Density Water Outer Inner Plastic Liquid Plastic
reference content WC WC Limit Limit Index
[Mg/m3] [%] [%] [%] [%] [%] [%]
KA0005 2.115 21 21 22 22 55 33
KA2305 2.164 21 19 22 21 53 32
KA4505 2.183 19 19 19 18 46 28
KA6705 2.189 19 19 18 18 47 29
KA9005 2.158 20 20 20 20 51 31
KT9005 2.141 18 16 18 – – –
KASS 2.233 15 16 14 – – –
Average 2.169 19.00 18.68 18.98 19.98 50.35 30.37
Std dev. 0.038 2.06 2.04 2.77 1.81 3.76 1.96
Table 5.23: Values of density, water content (WC), and index parameters for the Kim-
meridge clay samples (Outer WC corresponds to measurements from the ends of the
rotary core sample)
standard deviation reduces to 1.40 %. However, important variation were also observed
in the water content profile at the site (see Figure 3.29 in Chapter 3), probably reflecting
changes in the depositional regimes. The values obtained are consistent with the range
obtained for similar depths in the water content profile, which is between 19 and 21 %.
The variations of plastic and liquid limits are higher than Oxford clay, especially
for the latter which presents a standard deviation of almost 4 %. It appears that the
presence of shells in the sample lowers both limits (see Figure 5.23). However, the
corresponding plastic indexes are consistent. The variations in density are consistent
and similar to those observed for Oxford clay.
The initial void ratios obtained from the four methods previously described are pre-
sented in Table 5.24. The specific gravity value was taken as 2.6 based on the results
presented in Table 3.10 of Chapter 3. As for Oxford clay, there is a greater variation
between the methods than between the evaluations by a given method. However, the
variation across the samples is slightly higher than for Oxford clay, reflecting the ob-
servations made for the index tests and water contents. It should also be noted that
the saturation values obtained from the dry density are clearly imprecise, since all are
higher than 100 %. This indicates errors in measuring either the specific gravity Gs, the
water content w or the measurement of the bulk unit weight. If all other parameters are
considered accurate, then a Gs of about 2.8 would give a reasonable degree saturation
of 100 %. Alternatively, a much lower water content of about 15 %, or a lower bulk
density of about 2.07 would be required to give matching results. None of these poten-
tial variations seems likely since they would imply important measurement errors. The
discrepancy probably came from a combination of minor errors in each parameter.
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Test e0 from Sr
reference initial bulk dry final Average Std [%]
WC density mass WC Dev.
KA0005 0.558 0.436 0.494 0.579 0.517 0.065 113
KA2305 0.535 0.375 0.449 0.595 0.488 0.097 119
KA4505 0.495 0.352 0.418 0.510 0.444 0.073 118
KA6705 0.486 0.346 0.410 0.511 0.438 0.075 119
KA9005 0.525 0.382 0.448 0.531 0.472 0.071 117
KT9005 0.459 0.402 0.428 0.410 0.425 0.025 107
KASS 0.399 0.297 0.343 0.401 0.360 0.050 116
Average 0.494 0.370 0.427 0.505 115.711
Std dev. 0.053 0.044 0.046 0.076 4.321
Table 5.24: Initial void ratios measured from different methods and initial degree of
saturation Sr derived from e0[dry mass] for Kimmeridge clay samples
Test Initial p’
reference [kPa]
KA0005 167
KA2305 125
KA4505 125
KA6705 105
KA9005 160
KT9005 425
KASS 135
Average 136
Standard deviation 23
Table 5.25: Values of intial p’ for Kimmeridge clay samples (Average and Standard
deviation exclude KT9005)
Initial mean effective stress and re-consolidation strains
Table 5.25 presents the initial p’ values observed for Kimmeridge clay in the Mark II
ICHCA. As stated before, most of the p’ values recorded are relatively low compared to
the suction probe measurements. Trial test KT9005 dried during its longer preparation
stage. If KT9005 is excluded, there is good consistency between the values, with a
standard variation of 23 kPa, and the corresponding average is not far from what would
be expected from the chosen in-situ stresses.
The strains necessary to re-consolidate samples to in-situ stresses are presented in
Table 5.26. The strains z, r and θ are all below 0.5 %, v below 1 % and ∆e/e0 below
3 %. Therefore, the sample quality is evaluated as ‘Very good to excellent’ according to
the criteria presented in Table 5.22. The only exception is the trial test KT9005 in which
the very high initial p’ led to important strain developments during isotropic swelling to
the estimated in-situ p’.
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Test z r θ v ∆e/e0
reference [%] [%] [%] [%] [%]
KA0005 -0.55 -0.08 0.23 -0.40 1.17
KA2305 0.20 0.45 0.11 0.76 -2.32
KA4505 0.14 0.20 0.13 0.47 -1.51
KA6705 0.28 0.37 0.01 0.66 -2.18
KA9005 -0.34 0.01 0.12 -0.20 0.63
KT9005 -0.21 -1.97 -0.53 -2.72 9.13
KASS 0.02 0.50 0.03 0.55 -2.06
Table 5.26: Strains developed during re-consolidation to in-situ stresses for Kimmeridge
clay tests
As dynamic measurements of Gzθ were only available for the simple shear test KASS,
it is not possible to study the range of variation in Gzθ measured at in-situ stresses for
Kimmeridge clay tests.
Macro-structure
The Kimmeridge clay samples can be described as a moist very stiff slightly silty clay.
They were of very dark grey colour, almost black.
Samples of Kimmeridge clay presented very few visible discontinuities, if any at all
as shown on Figure 5.23. The few discernible fissures were horizontal to sub-horizontal,
and did not seem to be open. As only one fissure, at the maximum, could be observed
in a sample, their spacing appeared higher than 300 mm. This observation contrasts
with the macro-structure observed from split samples at similar depths (Section 3.1 in
Chapter 3). It is likely that the fissures present were not sufficiently open or pervasive
to be detectable from simply looking at the outer surface.
The most visible feature of the macro-structure was the presence of shells of pale
pinkish colour, often shiny. Unlike those encountered in Oxford clay, these shells were
large, several tens of mm in length and mostly present as individuals. In some case,
a single shell could extend over the whole diameter of the sample. Although they are
mostly orientated in a horizontal position, the impression gained from handling of the
samples during preparation is that the shells did not create a weakness against shear, as
was the case of Oxford clay. Pockets of silt material were also observed.
5.4.3 Gault clay
Two boreholes were rotary cored in the Gault clay near Cambridge in July 2009. Seven
samples trimmed from the cores were tested successfully in the HCA (see Table 5.5).
The storage time was less than 1 year and a half for all samples.
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Test Density Water Outer Inner Plastic Liquid Plastic
reference content WC WC Limit Limit Index
[Mg/m3] [%] [%] [%] [%] [%] [%]
GA0005 1.964 29 29 27 30 71 41
GA2305 1.968 30 30 29 31 77 46
GA4505 1.944 30 31 29 31 71 40
GA6705 1.955 28 29 28 31 74 42
GA9005 1.955 30 30 29 31 77 46
GA2305* 1.968 28 29 28 28 72 43
GASS 1.937 29 29 29 – – –
Average 1.956 29.22 29.49 28.50 30.55 73.62 43.07
Std dev. 0.012 0.73 0.76 0.77 1.14 2.81 2.36
Table 5.27: Values of density, water content (WC), and index parameters for the Gault
clay samples
Natural water content, initial void ratio and index tests
The natural water contents and index properties of Gault clay samples are presented in
Table 5.27.
For the water contents, the measurement scheme applied to the specimens was the
same as Oxford clay, six tests on the outside and two to three on the inside. There is
good consistency in the water content measurements, with a low standard deviation of
about 0.7 % for both inside and outside. The outside has a slightly higher water content
compared to the inside, by about 1 %. This fact may indicate a swelling of the outside
part of the sample due to the flushing liquid during drilling, in spite of removing the
softer part just after drilling. However, as a similar observation was also made on the
block samples of Oxford clay, it is possible that this results from the sample preparation
procedures: either drying of the sample between the two measurements, or an effect of
the spray to control humidity. The water contents compare well with values measured
on site during drilling and with values from the literature (Butcher & Powell, 1995),
both in the range of 27-31 % at 10 m depth. This suggests that significant swelling did
not occur among the HCA samples.
As for the water content, the density is very consistent between the samples and
shows little variation. Slightly more variation is observed for the Atterberg limit tests,
but it too was limited. Overall, the samples show good uniformity based on all the
previous parameters.
The initial void ratios calculated from the four different methods are presented in
Table 5.28. As with the other soils, there is more variation between the methods than
across the samples. For a given method, the variation across the samples is similar to
that observed for the Oxford clay blocks. This confirms the good uniformity of the
samples. As with the Kimmeridge clay samples, the initial degree of saturation obtained
from the dry mass void ratio are impossibly high, exceeding 100 % (see Table 5.28).
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Test e0 from Sr
reference initial bulk dry final Average Std [%]
WC density mass WC Dev.
GA0005 0.744 0.660 0.703 0.727 0.709 0.037 113
GA2305 0.768 0.653 0.711 0.771 0.726 0.056 119
GA4505 0.782 0.695 0.740 0.778 0.749 0.041 118
GA6705 0.739 0.642 0.691 0.760 0.708 0.052 119
GA9005 0.781 0.676 0.730 0.768 0.739 0.047 117
GA2305* 0.739 0.653 0.697 0.704 0.698 0.035 107
GASS 0.765 0.707 0.737 0.791 0.750 0.036 116
Average 0.760 0.669 0.716 0.757 115.711
Standard deviation 0.019 0.024 0.020 0.031 4.321
Table 5.28: Initial void ratios measured from four different methods and initial degree
of saturation Sr derived from e0[dry mass] for Gault clay samples
Initial mean effective stress, in-situ shear stiffnesses and consolidation
strains
The initial p’ values recorded in the HCA are presented in Table 5.29. Excluding test
GA2305*, the standard deviation for the six main experiments lies around 36 kPa. While
this is slightly higher than for Kimmeridge clay, the value is comparable to that obtained
in tests on block samples of London Clay by Nishimura (2006). Since there is a depth
variation of about 2 m between the samples (see Table 5.5), a variation of this magnitude
is expected. However, the variation observed does not seem to correlate well with the
sample depth. The mean value, 135 kPa is in agreement with the estimated in-situ p’,
which corresponds to a suction of about 130 kPa.
The dynamic Gzθ measured under in-situ effective stresses are also presented in
Table 5.29. There is significant variation between the values, with a standard deviation
of about 5 MPa which is almost the double of that observed for block samples of London
clay by Nishimura (2006). The variation seems to be correlated with the initial p’,
samples with higher initial p’ tending to have higher Gzθ at in-situ. This may mean that
the slow consolidation and long pause periods are not enough to fully erase the effects of
the disturbance occasioned during the process of sampling and/or set-up. This would be
consistent with Gasparre et al. (2007b)’s observation that when Y2 is engaged, the recent
stress history affects soil behaviour, even when long pause period are used. Overall, the
average value of 75 MPa is slightly lower than the two dynamic in-situ values of about
85 MPa obtained from seimic CPTs for this project and by Butcher & Powell (1995).
The strains developed during re-consolidation to in-situ stresses are presented in
Table 5.30. Excluding again test GA2305* which was clearly poorer than the others,
the strains are all below 1 % for the volumetric strain, below 0.5 % for the others and
the parameter ∆e/e0 below 3 %. Again, the sample quality classified as ‘Very good to
excelent’ based on the re-consolidation strains.
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Test Initial p’ Gzθ RC
reference [kPa] [MPa]
GA0005 125 68
GA2305 145 76
GA4505 115 73
GA6705 198 82
GA9005 135 71
GA2305* 275 84
GASS 90 74
Average 135 74
Standard deviation 36 4.8
Table 5.29: Values of intial p’ and Gzθ from Resonant Column test (RC) after re-
consolidation to in-situ stresses for Gault clay samples (Average and Standard deviation
exclude GA2305*)
Test z r θ v ∆e/e0
reference [%] [%] [%] [%] [%]
GA0005 -0.02 0.06 -0.16 -0.12 0.29
GA2305 -0.08 0.11 -0.10 -0.07 0.17
GA4505 0.36 0.73 -0.29 0.80 -1.86
GA6705 -0.45 0.24 -0.09 -0.30 0.73
GA9005 -0.16 0.30 0.00 0.14 -0.34
GA2305* -0.87 -0.34 -0.34 -1.57 3.82
GASS 0.20 0.59 0.08 0.86 -2.00
Table 5.30: Strains developed during re-consolidation to in-situ stresses for Gault clay
tests
Macro-structure
The clay samples appear as a slightly moist stiff clay. It was of a medium grey colour
with a few browner patches in some cases.
While the Gault clay at High Cross is recorded as being intensely fissured (Butcher
& Powell, 1995), very few discontinuities were observed in the HCA samples tested as
shown in Figure 5.24. Again, this contradicts the observations from the split samples
(see Section 3.3.3 in Chapter 3). This is may be due to infiltration of the flush liquid
into fissures during the drilling process, as suggested in Section 5.1. It is possible that
the liquid swelled the existing fissures, sealing them and preventing them from being
visible to the naked eye. It is assumed that the macro-structure observed in the split
samples is more representative than that observed on the outer wall.
An important number of phosphatic nodules were observed in the samples, spaced
by several tens of mm. Those were hard stones of pale pinkish colour embedded in the
clay matrix. Their size varied from a few mm to a few tens of mm. They often generated
disturbance to the sample during trimming and drilling.
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5.5 Summary
This chapter has presented the methodology and procedures employed to retrieve, pre-
pare and test a sample during in the present research.
Sampling and sample preparation Two sampling methods were used: block sam-
pling for Oxford clay and rotary coring for Gault and Kimmeridge clay. There is a risk of
generating disturbance to the soil during both sampling on site and sample preparation
in the laboratory. Three main types of disturbance were identified : mechanical distur-
bance resulting from applied stress and stress relief, swelling due to contact with water
and finally drying when exposed to air. Those were alleviated by adequate measures
implemented in the procedures.
Testing methodology The same testing procedure was applied to all soil to facili-
tate comparison of the results. The clays were re-consolidated to their estimated in-situ
stresses via two stages: isotropic consolidation to in-situ p’ followed by anisotropic con-
solidation at constant p’. Once creep rates were negligible, the b value was reduced
undrained from 1 to 0.5 at constant p’, q and α. Finally, the samples were sheared
undrained at constant p’, b and principal direction of increment of stress, αdσ. The αdσ
values were chosen so that the α at failure roughly corresponded to 0, 23, 45, 67 and
90 degree, requiring a minimum of 5 tests per soils. A simple shear test from in-situ
stresses was also performed for each clay.
In-situ stresses The testing procedure required an estimation of the in-situ stresses,
and more specifically of the K0. Three methods were combined to evaluate the latter.
First, a simple geological model was used to reconstruct the stress history of the soils.
Secondly, suction measurements in the retrieved samples were employed to estimate the
in-situ p’. Finally, the results of in-situ tests such as pressuremeter and dilatometer,
performed for this study or available in the literature, were examined. Even after this
study, uncertainties remained concerning the K0 values and, to be safe, a low K0 of
1.8 was chosen for all the three clays as it was less likely to fail the material during
re-consolidation.
Sample quality Sample quality was evaluated with respect to the possible distur-
bances identified above. Measurements of water contents, void ratios and dynamic shear
stiffnesses were compared with site values. The disturbance occasioned to sample ap-
peared limited to a slight drying of the Oxford clay, and a possible small swelling of the
Gault. Uniformity of the samples properties was also checked by looking at the varia-
tions of the same parameters across samples. For all soils, good uniformities of samples
was observed.
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Figure 5.22: Macro-structure of Oxford clay (discontinuities, shells, etc.) observed on
the outside of samples at the beginning of HCA tests
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Figure 5.23: Macro-structure of Kimmeridge clay (discontinuities, shells, etc.) observed
on the outside of samples at the beginning of HCA tests
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Figure 5.24: Macro-structure of Gault clay (discontinuities, shells, etc.) observed on the
outside of samples at the beginning of HCA tests
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Chapter 6
Pre-failure behaviour
This chapter focuses on the behaviour of the mudrocks before failure during the shear
stages of the Author’s HCA tests. ‘Failure’ in soil mechanics is usually defined as reaching
either a peak deviatoric stresses (for example q or J) or a peak stress ratio (for example
q/p’, t/s’ or J/p’). In the present research, the onset of strain localisation, in the form
of shear planes, was also considered a sign of ‘failure’. Moreover, the onset of strain
localisation was usually the earliest sign of ‘failure’, occurring before or upon reaching
peak values during shearing (see Chapter 7).
Therefore this Chapter looks at the behaviour of Oxford, Kimmeridge and Gault
clay from small to medium strains, up to the start of strain localisation. The behaviour
of each of the three clays during the undrained b-change and shear at constant αdσ
stages is considered separately at first. The end of this chapter compares and discusses
the results from the Author’s three soils as well as the younger London clay tested by
Nishimura (2006) and Anh-Minh (2007).
6.1 Oxford clay
This first section presents the pre-failure behaviour of Oxford clay. Nine tests were
performed successfully on Oxford clay, all in the ICRCHCA apparatus (see Table 5.3 on
page 195 in Chapter 5). In this Chapter, the two trial tests OT9005a and OT9005b will
not be discussed. Only the properties of the seven samples sheared from in-situ stresses,
six at constant b and αdσ and one in simple shear, are considered.
6.1.1 Undrained b-change stage
In this stage, the intermediate principal stress factor b was gradually changed from 1
at in-situ stresses to 0.5 as illustrated in Figure 5.12 in Chapter 5. The whole stage
was performed undrained keeping constant the: mean total stress p; deviatoric stress
q; and orientation of principal stress α. For Oxford clay, the tests were started from
p’=250 kPa, q=130 kPa, b=1 and α=90◦ corresponding to a K0 of 1.8.
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Probes Drained parameters Undrained
E′v E′h µvh µhv µhh G E
U∗
v E
U
v E
U
h
[MPa] [MPa] – – – [MPa] [MPa] [MPa] [MPa]
Axial comp. 95 0.23
Axial ext. 105 0.2
Radial comp. 330 0.76 -0.32
Radial ext. 312 0.78 -0.36
Constant p’ 42
200 145 365
Table 6.1: Stiffnesses and Poisson’s ratios obtained from stress probes on block samples
of Oxford clay at p’=250 kPa, q=100 kPa, α =90◦ and b =1 by Hosseini Kamal (2012).
For EUv , the value annotated by * was measured directly from undrained shear tests
while that without * was estimated from the drained parameters. (comp.: compression,
ext.: extension)
Stress paths
The stress constraints imposed during the b-change stage entail a constant ratio of 1:-2:1
between the three normal stresses ∆σz : ∆σr : ∆σθ.
In the case of an elastic isotropic material, any undrained stress path would not
generate a change in p’ as the volume is constant. Figure 6.1 presents the effective
stress paths for all tests in the b-p’ space. In the Oxford clay case, the effective stress
paths clearly deviated from the isotropic elastic case, producing significant reduction
in p’ (7 to 22 kPa). However, the effective stress paths followed the generally linear
trend shown in dashed in Figure 6.1. It should be noted that due to the slight error
in load cell calibration mentioned previously (see Section 5.2 in Chapter 5), not all the
stress paths started from exactly the intended p’=250 kPa with two tests (OA9005 and
OA4505) starting from a slightly higher p’. Taking this into account, all the tests present
consistent dp’/db trends with two exceptions: OA4505 and OA6705. The steeper slope
shown by OA4505 is probably due to a slightly lower degree of saturation resulting
from earlier air diffusion (see Section 5.2 in Chapter 5). The gentler slope of OA6705 is
thought to reflect a small leak during this test.
Figure 6.1 also plots the range of effective stress paths computed from the cross-
anisotropic elastic model based on the drained and undrained parameters obtained
by Hosseini Kamal (2012) from stress probing on the same soil (see Table 6.1). The
stress probes were performed in triaxial cells at a slightly different initial stresses, with
a p’=250 kPa, q=100 kPa, α =90◦ and b =1. The range calculated from the cross-
anisotropic model predicts a slightly lower change in p’, but falls fairly close to the
observation.
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Strain paths
The strains developed during the b-change stages of each test are presented as functions
of b in Figures 6.3 and 6.4. The strain response is non-linear, especially for the radial
component with strains of up to 3 · 10−2 % being recorded. Those easily exceed the
linear limit of about 1− 3 · 10−3 % of strain established by Hosseini Kamal (2012).
For an isotropic linear elastic material, the ratio of strains ∆z : ∆r : ∆θ should
be the same as that for stresses, that is 1:-2:1. Applying a cross-anisotropic linear
elastic model, the undrained parameters given in Table 6.1 predict a ratio of 1:-1.1:0.1
if the measured EU∗v is adopted and 1:-0.8:-0.20 if the value deduced from the drained
parameters is used. The strain ratios obtained clearly differ from the latter ratio as the
sign of ∆θ is positive in all the cases, as presented Figure 6.3 and 6.4. The ratios tend
to fall between 1:-1.4:0.4 and 1:-1.8:0.8, that is in between the cross anisotropic linear
elastic case with EU∗v and the isotropic case. Linear cross-anisotropic elastic strain paths
computed with EU∗v are also plotted in Figure 6.3 and 6.4. For most of the tests, the
cross-anisotropic model fits the early part of the stage relatively well, the circumferential
strains θ showing the greatest deviation from the model.
Figure 6.2 presents the corresponding strain paths in the octahedral plane. Con-
firming the previous remarks, the strain paths fall in between the isotropic and the
cross-anisotropic predictions made with EU∗v , rather closer to the former. A notable
exception is test OA6705 which is situated below the expected range. As noted before a
minor leakage probably affected the apparent strain response in this case. However, the
strain measurements for OA6705 were corrected for the leak a posteriori based on the
rate of leakage observed in a subsequent leakage check.
In summary, the early part of the stage shows a pattern that is broadly compatible
with the cross-anisotropic linear elastic model, and confirms strong stiffness anisotropy.
However, the strain behaviour gradually departs from the model by becoming non-linear
as b falls and the strain ratios approach the isotropic case. The effective stress paths
deviate more from the isotropic elastic pattern and indicate strong anisotropy.
6.1.2 Undrained shear at constant direction of major principal stress
increments
A 16 to 20 h pause period was imposed after the b-stage, before the samples were sheared
at constant p, b and αdσ in the six main tests. In the 7
th test, OASS, the sample followed
a simple shear strain path to failure from in-situ stresses, with no prior b-change. The
behaviour during the main shearing stage is detailed below.
Stress paths
The effective stress paths developed during the αdσ-constant shear stage are presented
in Figure 6.5 and 6.6 in (σz − σθ)/2 - p’ and τzθ - (σz − σθ)/2 spaces respectively. As
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Test Slope
Reference d[(σz − σθ)/2 ]/dp’
OA0005 -1.78
OA2305 -1.92
OA4505 -1.75
OA6705 -1.54
OA9005 -1.54
OA0005* -1.69
OASS –
Average -1.71
Std. Dev. 0.16
Table 6.2: Slopes in (σz − σθ)/2 -p’ space at the beginning of shearing for Oxford clay
explained in Chapter 5, the stress paths in the τzθ - (σz−σθ)/2 space were imposed and
followed a line at constant αdσ values for all tests. The only exception was the simple
shear test OASS, in which the strain path is controlled instead, so that its stress path
is not restricted.
In a linear elastic material, the d[(σz−σθ)/2 ]/dp’ gradients are related to the stiffness
anisotropy. As demonstrated by Nishimura (2006), in the case of b=0.5, the slope during
any shear stage for a cross-anisotropic linear elastic material is independent of αdσ and
therefore should be the same for all tests. This is not the case with other b values.
As seen on Figure 6.5 and in Table 6.2, the initial slopes are fairly consistent between
tests (even the test with the minor leak: OA6705). The slopes are also fairly constant
until failure for a given test. As the stress conditions are not locally axially symmetric
during this stage, the elastic matrix may become non-axially symmetric, due to stress
induced anisotropy. The slope would then be dependent on αdσ. However, no such trend
is apparent here.
Figure 6.5 also plots the range of effective stress paths expected from the cross
anisotropic model based on the parameters given in Table 6.1. Those give steeper slopes,
from -2.1 to -3.25, than the average value observed of -1.70. Based on observations
by Nishimura (2006) and a parametric study by the Author, the slope in the cross-
anisotropic model is slightly affected by µvh and more significantly by µhh and the ratio
E′h/E
′
v. Since there is no single parameter controlling the slopes, it is difficult to draw any
conclusion regarding the anisotropy. However, the negative sign of the slope indicates
E′h/E
′
v > 1 (Nishimura, 2006), as with triaxial conditions.
As highlighted by Nishimura (2006), small curved deviations to the linear path are
seen in the very beginning of the effective stress paths. Those reflect delays in the
response of the pore water pressure transducer. This is linked to a problem in the
control of axial stress at small strain by the servo-algorithm. This leads to slightly
higher strain rate at the early stage of the shearing. However, the Oxford clay paths
rapidly become almost linear, as seen in Figure 6.5.
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Despite problems in controlling the b value in test OA0005*, there is good consistency
between the effective stress paths of this test and OA0005 one up to the point of the
onset of strain localisation. The 0005 test appears to be quite repeatable.
Strains
On Figures 6.7 and 6.8, the individual strains developed during the shear stage are
plotted against 1− 3 up to the 3 % limit associated with strain localisation. The right
hand part of Figures 6.7 and 6.8 shows the principal strain variations. In most tests,
2 stays fairly low, as expected as a b value of 0.5 provides approximately plane strain
conditions. This was clearest in the high torsion tests OA4505 and OA6705.
The left hand part of Figures 6.7 and 6.8 presents the variation of z, r, θ, γzθ as
well as the predictions obtained from the cross-anisotropic elastic model. The latter were
based on the undrained parameters computed from the average values of the drained
parameters from Table 6.1, that is EUv =150 MPa, E
U
h =371 MPa and Gvh=42 MPa. It
is important to note that as Figures 6.7 and 6.8 present strains against strains, the
observed and calculated gradients in these figures reflect the ratios between the stiffnesses
EUv :E
U
h :Gvh rather than their actual values. Any apparent linearity indicates constant
stiffness ratios while the actual stress-strain behaviour may be highly non-linear. As
observed in Figures 6.7 and 6.8, the measured strain ratios deviate from the cross-
anisotropic elastic ones as strains increase. As highlighted in Chapter 2, the elastic
strain limit can be expected to be in the order of 10−3 % and the straining will be
partially plastic over the strain range considered, which may affect the apparent ratio
of EUv :E
U
h :Gvh.
Figures 6.9 and 6.10 shows a close-up of the initial part of the strain curves. The
cross-anisotropic model fits relatively well at small strains, even though the maximum
range considered could be 50 times the expected elastic limit. As stated above, this
shows that the ratios EUv :E
U
h :Gvh are relatively steady up to 1 − 3 =0.05 %. It is
noteworthy that the G value given in Table 6.1 and used in this analysis was derived
from constant p’ stress probes in triaxial apparatus (Hosseini Kamal, 2012). In the
case of a cross-anisotropic material this G does not correspond to Gvh. It is therefore
surprising or fortuitous to obtain such a good agreement with the measured values.
Strain contours
Strain contours of 1−3 developed from the start of shearing are presented in Figure 6.11
in τzθ - (σz − σθ)/2 space. For an isotropic elastic material the strain contours should
present circles centred on the starting point of the test. For a cross anisotropic material
they should plot as ellipses.
The contours have been fitted with ellipses in Figure 6.11, whose parameters are
given in Table 6.3. The strain contours follow the elliptical shapes relatively well except
for test OA6705, which falls below the fitted curves. This may be a result of the leakage
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1 − 3 Centre a/b
[%] kPa –
0.03 -63.13 1.52
0.05 -61.40 1.46
0.1 -57.86 1.41
0.3 -47.69 1.46
0.5 -43.31 1.54
1 -47.56 1.66
Average -53.49 1.51
Std. Dev. 8.33 0.09
Table 6.3: Parameters for the ellipses of 1 − 3 strain contours fitting of Oxford clay
shearing stages (a: length of ellipse (σz−σθ)/2 axis, b: length of ellipse τzθ axis, Centre:
position of the centre on the (σz − σθ)/2 axis)
observed in this test. While the elliptical shape clearly shows a divergence from isotropy,
it does not mean that the behaviour is cross-anisotropic. Indeed, as shown in Figure 6.12,
the strain contours from the isotropic and cross-anisotropic models should be centred
on the starting point of shearing. However, the fitted ellipses tend to shift towards
the compression side as strains increase, as seen in the displacement of their centre in
Table 6.3. The contours are slightly more closely spaced on the extension side (if OA6705
is not taken into account), indicating a more steeply non-linear stiffness response. That is
probably due to the closer proximity of the Y3 bounding surface, as the tests started from
extension states. The shape of the ellipse itself remains rather constant, as highlighted
by the evolution of the ratios of the ellipse axes in Table 6.3.
6.1.3 Stiffnesses
This subsection focuses on the determination of small strain stiffnesses and their degra-
dation during the pre-failure stages. As stated in Chapter 4, the HCA used to test Oxford
clay was not equipped with local instrumentation, other than the semi-local instruments
measuring the shear strain γzθ. While measurements of E
U
v and E
U
h are examined below
for completeness, their values may be subject to greater compliance and bedding errors
than the Gzθ data obtained from the platen to platen measurements of γzθ.
Undrained shear
In an HCA, only four sets of stress/strain relationship are available (σ′z, σ′r, σ′θ, τzθ vs.
z, r, θ, γzθ) while five independent effective parameters are necessary to express the
compliance matrix of a cross-anisotropic linear elastic model. The available information
is therefore insufficient to resolve those in a general stress state (see Chapter 2). However,
they can be obtained by performing stress probes with specific stress paths, changing only
one variable at a time. Due to time restrictions and overlapping with Hosseini Kamal
(2012)’s research, stress probes were not performed in the HCA during this research.
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Consequently, only the undrained stiffness parameters obtained from the shear stage are
considered. It should be noted that all the degradation curves presented in this Chapter
correspond to secant stiffness values.
Cross-anisotropic model As explained in Chapter 2, in the undrained case, the
number of independent parameters in the compliance matrix of the cross-anisotropic
linear is reduced to three. In the present study, those were chosen to be EUv , E
U
h and
Gvh, the other parameters being given by Equation 2.9 in Chapter 2. In the HCAs, four
stresses are measured with their corresponding strains, leading to four equations with
three unknowns. It is therefore possible to determine the three parameters using the
following equations:
EUv =
2∆σz −∆σr −∆σθ
2∆z
(6.1a)
EUhr =
∆σr(∆σr − 2∆σz)−∆σθ(∆σθ − 2∆σz)
∆r(∆σr + ∆σθ − 2∆σz) + ∆z(∆σθ −∆σz) (6.1b)
EUhθ =
∆σr(∆σr − 2∆σz)−∆σθ(∆σθ − 2∆σz)
∆θ(∆σr + ∆σθ − 2∆σz) + ∆z(∆σr −∆σz) (6.1c)
Gvh = −∆τzθ
∆γzθ
(6.1d)
Due to redundancy in the equations, EUh = E
U
hr = E
U
hθ. It should be noted that as
the model is axis symmetrical, it is implied that Ev = Ez, Ehr = Er, Ehθ = Eθ and
Gvh = Gzθ.
Young’s moduli Based on the previous equations, the stiffness degradation curves
for EUv are presented in Figure 6.13. While there is clearly wide scatter at low strains,
the curves are consistent from about 5 · 10−3 % strain onwards. With the exception
of OA6705, the curves show good consistency between the tests. This suggests that
the undrained vertical stiffness degradation curve is relatively independent of the stress
paths followed.
On Figure 6.13 is also plotted the EUv0 obtained from linear regression up to 5 · 10
−3
% strain and the corresponding values are given in Table 6.4. This range of 5 · 10−3 %
was chosen as it is the point where the curves became consistent. It does not necessarily
coincide with the elastic range, which could not be determined in the present tests, as
none of the curves show any plateau. It is likely that the external instruments were
unable to resolve the elastic range due to compliance and other difficulties. Once again
with the exception of test OA6705, a good match is observed between the tests, with an
average of 287 MPa and a fairly low standard deviation of 3.5 MPa. Therefore, it seems
that the slight differences in initial stresses did not affect much the value of EUv0. The
value obtained is 43 % higher than the value of 200 MPa reported by Hosseini Kamal
(2012) from undrained triaxial tests conducted from broadly comparable conditions with
p’=250 MPa and q=100 MPa, α =90◦ and b =1. This is quite surprising as external
instruments often give lower stiffness values. This will be discussed further in Section 6.4.
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Test EUv0 E
U
hr0 E
U
hθ0 E
U
h0 Gvh0 Ghh0 µ
U
hh0 µ
U
vh0
Reference [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] – –
OA0005 282 726 617 672 – 415 -0.191 1.191
OA2305 285 570 600 585 65 300 -0.026 1.026
OA4505 289 714 731 723 73 482 -0.250 1.250
OA6705 242 353 428 391 68 164 0.193 0.807
OA9005 291 692 739 715 – 463 -0.228 1.228
OA0005* 287 559 599 579 – 292 -0.009 1.009
OASS – – – – 61 – – –
Average 287 652 657 655 67 390 -0.141 1.141
Std. Dev. 3.5 81.0 71.4 69.2 5.0 89.5 0.115 0.115
Table 6.4: Initial undrained cross-anisotropic parameters obtained from linear regression
over small strain range (Average and standard deviation exclude test OA6705 except for
Gvh)
Stiffness degradation of EUh is presented in Figure 6.14. Clearly, there is much more
variation in this case, both in the initial values measured (see Table 6.4) and in the
degradation curves. This is probably the result of higher sensitivity to errors in strain
measurements. As seen in Equation 6.1, the horizontal shear stiffness depends on both z
and θ (or r), increasing the impact of errors. Moreover, contrary to the measurements of
z which are corrected for compliance, the radial and circumferential strain measurements
rely on following the volume changes of the sample and inner cell, which were not
corrected for compliance.
The stiffness degradation curves in the horizontal and vertical directions are plotted
in Figure 6.15. While the stiffness values are not expected to be fully reliable, the plot
clearly shows the strong stiffness anisotropy of the soil at the initial stage of the test,
with much higher stiffness in the horizontal direction. With the exception of OA6705,
the ratios of EUh0/E
U
v0 lie between 2 to 2.5 which is consistent with the values reported
in Chapter 3 for Oxford clay. The ratios obtained by Hosseini Kamal (2012) (see Ta-
ble 6.1) correspond to the same range, which explains the good correlations observed in
Figures 6.9 and 6.10.
Excluding test OA6705, the Oxford clay tests exhibited strong stiffness anisotropy,
which is consistent with the effective stress and strain paths observed earlier.
Torsional shear moduli Four tests involved applying torsion to the sample: OA2305,
OA4505, OA6705 and OASS. The degradation of the torsional shear stiffness Gzθ was
calculated for each of those tests and is presented in Figure 6.16 along with the mea-
surements of small strain shear stiffness from the resonant column. There is once again
good consistency between the tests. Contrary to what was observed for the Young’s
moduli, the shear stiffness does not seem to be affected by the leakage in test OA6705.
Only test OA4505 differs from the others with a marginally higher stiffness. This maybe
due to its being sheared from slightly higher stresses as a result of both the load cell
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Test Monotonic RC Difference
Reference [MPa] [MPa] [%]
OA2305 65 81 -19
OA4505 73 97 -25
OA6705 68 82 -17
OASS 61 81 -25
Average 67 85 -21
Std. Dev. 5.0 8.1 3.9
Table 6.5: Comparison between Gvh0 value obtained from monotonic and RC measure-
ments for Oxford clay
calibration shift and its lower degree of saturation (see Subsection 6.1.1), or a result
of its high initial suction. Once again, the stress paths followed did not influence the
stiffness degradation curves.
As with EUv , initial Gzθ were calculated by applying linear regression on the data
set up to 5 · 10−3 % strains. Again, this does not necessarily correspond precisely to the
elastic range as it is difficult to define it with monotonic tests. However, the curves do
seem to flatten at small strains in this case. As presented in Table 6.4, the scatter for
monotonic Gvh0 is slightly higher than for E
U
v but still within the same order, and it
becomes equal if OA4505 is omitted. Table 6.5 also gives the Gvh0 obtained from dy-
namic RC measurements made just before the start of shearing. As with the monotonic
measurements, the test OA4505 exhibits a higher shear stiffness than the others. The
monotonic measurements consistently fall about 20 % below the RC ones. This will be
discussed further in Section 6.4.
Shear stiffness dependence on stress
Early studies from dynamic measurements in-situ and in the laboratory have investigated
the factors affecting the elastic small strain shear stiffness G0 (Hardin & Richart, 1963;
Hardin & Black, 1968). G0 was found to depend predominantly on the stress state of
the soil, its stress history, the density and the structure of the soil. Therefore, for a given
soil, assuming that the stresses applied are not sufficient to modified the structure, the
G0 can be expressed as a function of the stresses, the stress history (usually represented
via the OCR value) and the density via the void ratio. Hardin & Blandford (1989)
proposed the commonly used equation of the following power of law form to relate those
parameters:
G0ij = Sij f(e) OCR
k p
1−ni−nj
r σ
′ni
i σ
′nj
j (6.2)
where the plane ij corresponds to the plane of shear, σ′i and σ
′
j are the normal stresses
acting in this plane, pr is a reference stress and f(e) is a function of the void ratio.
Numerous equations have been experimentally derived for f(e) in a wide range of soil
types (Hardin & Richart, 1963; Jamiolkowsk et al., 1995; Porovic, 1995; Shibuya et al.,
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1997; Rampello et al., 1997). Many used a void ratio function of the following form:
f(e) = e−x (6.3)
where x is a real number.
It has been argued that as a relationship usually exists between the stress state, the
stress history and the void ratio, one of these parameters is then redundant (Rampello
et al., 1995, 1997). In this case, either the OCR or the f(e) can be taken out from
Equation 6.2. This is consistent with findings by Jamiolkowsk et al. (1995) of k=0 from
tests on six natural clays. It should be noted that this is an ideal case: for a natural soil
there is not necessarily a clear relationship between the three parameters, especially if
the structure of the soil is greatly affected by the effective stress paths followed.
In the present study, the variation of G0 during the re-consolidation to in-situ stresses
was studied using the RC system. Noting that shear stiffness dependency on effective
stress levels was not the main objective of the study, the range of stresses, void ratio and
OCR values covered was necessarily limited. Only a tentative examination was made
of the parameters in Equation 6.2. As the re-consolidation process was designed to
minimize disturbance to the sample, significant modification to structure of the natural
material should not have occurred, and a relationship is assumed to exist between OCR,
f(e) and the effective stress state. As the OCR is the most poorly defined of the three
parameters in this case, it was selected as the redundant one. The void ratio function
was selected to be similar to Equation 6.3. Based on results from Jamiolkowsk et al.
(1995) from six natural clays, x was chosen as -1.3. Therefore, the chosen model for the
mudrocks is of the form (pr is taken as 1 kPa):
Gvh0 = Svh e
−1.3 σ
′nv
v σ
′nh
h (6.4)
When only the isotropic stress state is considered, the stress parameters are often re-
placed by the mean effective stress p’, leading to the equation:
Gvh0 = Svh e
−1.3 p′np (6.5)
Figure 6.17(a) presents the variation of Gvh with p’ for the isotropic part of the
re-consolidation path. Tests O4505 and OA9005 clearly show higher stiffnesses than the
others, even when accounting for the slightly higher stresses applied. Moreover, even
after normalising for void ratio as in Figure 6.17(b) the difference is still visible. The
range of the scatter is similar to that recorded by Hosseini Kamal (2012) for Gvh and
Ghv values from triaxial bender element tests. Variation is observed in the np values of
each test as well, which range from 0.20 to 0.36 as visible in Table 6.6, falling below the
value of n=0.45 reported by Hosseini Kamal (2012). If the n value is calculated based on
the whole data set instead of individual samples, a higher value of n=0.58 is obtained,
due to the observed scatter between tests. However, discrepancies are due to the limited
effective stress range which reduced the accuracy of the regression.
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Test np n = n
′
v = n
′
h
Reference – –
OA0005 0.308 0.137
OA2305 0.351 0.167
OA4505 0.271 0.187
OA6705 – 0.126
OA9005 0.198 0.160
OA0005* – –
OASS – 0.252
Average 0.282 0.171
Std. Dev. 0.065 0.045
Whole data set 0.581 0.295
Table 6.6: Exponent for the variation of Gvh0 with stress state for Oxford clay. np, nv
and nh are defined in Equations 6.5 and 6.4. Regression are performed for each test
separately and on the data set including all tests (‘Whole data set’ value).
Figure 6.17(c) presents a similar analysis in σ′z ∗ σ′θ that includes the anisotropic
stage of the re-consolidation as well as the isotropic one. Equation 6.4 is used to take
into account the difference in stresses in the anisotropic state. The behaviour is similar
to the isotropic case, with OA9005 and OA4505 showing higher stiffness values. Based
on Jamiolkowsk et al. (1995)’s results for six natural clays, it was postulated that nv =
nh = n. The n values presented in Table 6.6 show less variation than for np, ranging
from 0.13 to 0.25. While the absolute values of OA4505 and OA9005 are different from
the main trend, their variation with effective stress level agrees well with the others. The
range of n values is slightly lower than the one reported by Jamiolkowsk et al. (1995)
falling between 0.2 and 0.3. However, the n value of 0.29 corresponding to the whole
data set is consistent with their findings.
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Figure 6.8: Strains developed during shear stage at constant αdσ for Oxford clay tests
(straight lines present cross-anisotropic model predictions)
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Figure 6.9: Strains developed during shear stage at constant αdσ for Oxford clay tests
(straight lines present cross-anisotropic model predictions)
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Figure 6.10: Strains developed during shear stage at constant αdσ for Oxford clay tests
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6.2 Kimmeridge clay
Seven HCA tests were performed in total on the Kimmeridge clay. Six were conducted in
the Mark II ICHCA, sheared at b=0.5 and different αdσ values (see Table 5.4 on page 195
in Chapter 5). One simple shear test (KASS) was performed in the ICRCHCA. The six
first tests included one trial experiment, KT9005. This sample came from a lower depth
than the other 5 samples, at 8.5 m, just below the cemented calcareous band reported
on the site profile in Chapter 3. Inclusions of hard material were observed in the sample,
which was noted to be much stiffer than the others during preparation. Although its
results are presented here they can be expected to differ significantly from the others.
The KASS sample was taken from about 9 m depth and contained a partially cemented
silt band of about 40 mm height in its middle, but the clay matrix did not appear stiffer
than the other five samples during handling and preparation.
As explained in Section 4.2 of Chapter 4, regarding the measurements of local in-
strument in Mark II ICHCA, one set of radial measurements was discarded, and the
corresponding radial displacement was calculated from the other local measurements,
based on the assumption of no volume change during undrained stages. Except for tests
KA0005 and KT9005, the proximity transducer data were ignored, and ∆r0 was cal-
culated from Equation 4.21. In the case of KA0005, the inner LVDT was defective, so
Equation 4.22 was used instead. Only the proximity transducers were properly func-
tioning during the trial test KT9005 so that all other strain measurements are external.
6.2.1 Undrained b-change stage
The undrained b-change stages applied to Kimmeridge clay started from the estimated
in-situ stress conditions of: p’=186 kPa, q=97 kPa, b=1 and α=90◦ corresponding to
a K0 of 1.8. Reference is made below to the cross-anisotropic elastic model parameters
summarised in Table 6.7. Those were obtained by Hosseini Kamal (2012) from stress
probes in triaxial apparatus at p’=185 kPa and q=87 kPa b=1 and α=90◦.
Stress paths
The effective stress path in b-p’ space is presented in Figure 6.18 for the six tests involving
undrained b-change from 1 to 0.5. Once again, all the tests deviated from the isotropic
model, with reductions in p’ amounting to a few kPa. Although there is relatively
good consistency between the slopes observed, the tests can be separated in two groups:
tests KA2305, KA4505 and KA6705 have similar slopes db/dp’ of about 0.20 /kPa while
tests KA9005, KA0005 and KT9005 present slightly lower slopes (e.g. higher p’ changes)
around 0.11− 0.12 /kPa. Contrary to expectation, KT9005 fits relatively well with the
rest of the tests in this case.
The slopes observed are all higher than the range of 0.06− 0.09 /kPa predicted by
the cross-anisotropic model so that the behaviour falls between the cross-anisotropic and
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the isotropic elastic predictions.
Strain paths
Figures 6.20 and 6.21 present the development of strains during the b-change stages
computed from external and local instruments. The prediction from the cross-anisotropic
model are also plotted on the figures (based on average values from Table 6.7). In the
case of KT9005 only the proximity transducers measuring the outer radius change were
used, therefore the height and inner radius changes were computed from the external
measurements, explaining the apparent good correlation between external and local.
As expected, the local axial strain z, which are not affected by compliance or bedding
effects, are about 40 % lower than the external ones. Similarly, the r values from local
instruments are about 20 to 40 % lower than the global ones. As for θ the picture is less
clear. The local θ tends to vary within ± 30 % of its external counterpart depending
on the tests. The ratios ∆z : ∆r : ∆θ deduced from local instruments are closer to
the isotropic model predictions (ratio of 1:-2:1) than the cross-anisotropic (ratio around
1:-1:0) as shown by their average of 1:-1.80:0.80.
In terms of external measurements, the behaviour fits relatively well the cross-
anisotropic model at low strains but deviates from it as strains increase, as with Ox-
ford clay. Regarding the overall ratios between the strains, there is a good consistency
between the five main tests with a ratio of approximately 1:-1.5:0.5, falling between
the isotropic and cross-anisotropic elastic predictions. Both of the previous remarks
are illustrated further in Figure 6.19 by the strain paths in the octahedral plane com-
puted from the external measurements: they fall on a narrow band half way between
cross-anisotropic and isotropic model. On the other hand, the strain paths from local
instruments in Figure 6.19 fall closer to the isotropic prediction and present a smaller
strain range on average. The notable exception is test KA4505 whose local strain path
Probes Drained parameters Undrained
E′v E′h µvh µhv µhh G E
U∗
v E
U
v E
U
h
[MPa] [MPa] – – – [MPa] [MPa] [MPa] [MPa]
Axial comp. 82 0.22
Axial ext. 78 0.22
Radial comp. 234 0.74 -0.02
Radial ext. 202 0.85 -0.15
Constant p’ 42
125 131 250
Table 6.7: Stiffnesses and Poisson’s ratios obtained from stress probes on rotary cored
samples of Kimmeridge clay at p’=185 kPa and q=87 kPa, b=1 and α=90◦ by Hos-
seini Kamal (2012). For EUv , the value annotated by * was measured directly from
undrained shear tests while that without was estimated from the drained parameters.
(comp.: compression, ext.: extension)
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Test Slope
Reference d[(σz − σθ)/2 ]/dp’
KA0005 -1.80
KA2305 -1.85
KA4505 -1.81
KA6705 -3.49
KA9005 -2.35
KT9005 -1.29
KASS –
Average -2.26
Std. Dev. 0.73
Table 6.8: Slopes d(σz − σθ)/2 /dp’ at the beginning of shearing for Kimmeridge clay
is rather closer to the external ones, which is also reflected in his ratio of ∆z : ∆r : ∆θ
of 1:-1.47:0.47. It is not known why it is the case.
6.2.2 Undrained shear at constant direction of major principal stress
increments
Stress paths
The effective stress paths followed in (σz − σθ)/2 - p’ and τzθ - (σz − σθ)/2 space during
undrained shearing with constant αdσ are presented in Figures 6.22 and 6.23 respectively.
The initial slopes of the effective stress paths in Figure 6.22 show consistent trends.
The gradients of tests with axial straining in ‘axial extension’ (αf = 67
◦ and 90◦) tend to
be slightly higher than those in ‘axial compression’ (αf = 0
◦, 23◦ and 45◦), from around
-2.5 – 3.5 for the former to -1.8 – 1.85 for the latter (see Table 6.8). This agrees well with
the slopes derived from the cross anisotropic model: parameters obtained from triaxial
stress probes in extension (see Table 6.7) give a slope of -3 and the triaxial compression
probes of -1.9. The only exception is as expected test KT9005 which had a much lower
slope of -1.3.
Strains
The strains derived from external measurements are presented in Figures 6.26 and 6.28
while the local instruments data is in Figures 6.27 and 6.29.
As with the b-change stage, there is generally good consistency between the local
and external axial strain, although the latter tends to be higher. There is slightly
more divergence between the strains in the horizontal directions, the highest difference
being observed for r. This component is the most sensitive to measurements errors
(see Equation 4.9 in Chapter 4). Due to repetitive problems of water ingress into the
transducer, the shear electro-level only worked properly for certain during test KA4505.
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The transducer seemed to be giving sensible results during test KA6705, however a small
leak was discovered afterwards so some uncertainties remain concerning the results.
The cross-anisotropic elastic model predictions displayed in Figures 6.26 and 6.28,
show fair agreement with the strain ratio trends given by the external strain measure-
ments. It is especially the case over the lower strains, as presented in Figures 6.30
and 6.32. On the other hand, the local measurements displayed in Figures 6.27 and 6.29
diverge more from the expected trends although better agreement is encountered at
smaller strains, as with the external ones (see Figures 6.31 and 6.33). It is recalled that
in this type of plot only the relative ratios between the stiffnesses affects the slopes, so
that stiffnesses from external and local measurements should have similar ratios based
on the observation.
Strains contours
Strain contours obtained from external measurements for 1 − 3 are plotted in τzt -
(σz − σθ)/2 space in Figure 6.24 and fitted with an elliptical shape. The contour shapes
are nearly circular as highlighted by the ratio of the long axis to the short axis of the
ellipse, situated between 0.9 and 1.4 (see Table 6.9). The ratios consistently decrease
with strain.
However, as with Oxford clay, this does not mean that the behaviour is close to
isotropic. Figure 6.25 plots the prediction from the isotropic and cross-anisotropic mod-
els. In both cases the ellipses or circles should be centred on the start of shearing, that
is (σz − σθ)/2 =−48.5 kPa. In reality, while the strain contours are initially centred
close to the starting point, the centre moved slowly towards σz = σθ as the strains in-
creased. Consequently, the behaviour matches neither the isotropic or the anisotropic
elastic framework at larger strains. This is probably linked to the development of plastic
strains and the non-symmetry of the yielding behaviour. Indeed, as explained before,
these heavily over-consolidated clays are close to passive failure in their in-situ condi-
tions. Therefore, it is expected that the yield surfaces, Y1 and Y2, are probably not
centred on the in-situ stresses, but moved towards the compressive side. This results in
faster developing plastic strains in the extension direction, as highlighted by the shifting
of the ellipse centres.
In summary, while the behaviour may resemble anisotropic elasticity at small strains,
it becomes plastic as straining continues and deviates from the elastic model.
6.2.3 Stiffnesses
Undrained shear
Young’s moduli Stiffness degradation curves for EUv , based on external measure-
ments, are presented in Figure 6.34. Except for two of the tests, KT9005 (the trial
sample containing the hard band) and KA6705, there is good agreement between the
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1 − 3 Centre a/b
[%] kPa –
0.03 -48.05 1.39
0.05 -47.87 1.32
0.1 -46.35 1.23
0.3 -41.37 1.03
0.5 -37.60 0.99
1 -32.58 0.96
Average -42.30 1.15
Std. Dev. 6.29 0.18
Table 6.9: Parameters for the ellipses of 1 − 3 strain contours fitting for Kimmeridge
clay shearing stages (a: length of ellipse (σz − σθ)/2 axis, b: length of ellipse τzθ axis,
Centre: position of the centre on the (σz − σθ)/2 axis)
different curves. Similarly, the EUv0 values calculated from linear regression at low strain
are consistent with a mean of 103 MPa and a standard deviation of 8 MPa (see Ta-
ble 6.10). While the higher stiffness in test KT9005 is most likely linked to the hard
cemented sand band, KA6705 presents lower stiffness than the other tests. This will be
discussed further in Section 6.4.
The local measurements show a similar trend in Figure 6.35 but, as expected, with
much higher stiffnesses. The local stiffness degradation curves and initial stiffnesses of
tests KA2305, KA4505 and KA9005 are in good agreement. While the initial stiffness
of KA6705 is consistent with the others, its stiffness degrades faster subsequently. This
suggests that the lower EUv0 indicated by the external measurements is simply due to
the latter’s inability to capture the small strain stiffness. This possibly means that the
initial elastic stiffness is less affected by the stress path directions than the subsequent
non-linear degradation behaviour. It also seems that while the initial portion of KA9005
agrees well with the other, it subsequently degrades faster. This observation is consistent
with the previous remarks on the evolution of the strain contours which become more
closely spaced on the extension side. Test KA0005 has a much lower values, although it
is unsure why. This maybe related to the fact that one of axial transducer was faulty
during test KA0005. Only one axial measurement was available, meaning that any tilting
of the sample would not be compensated in this test.
The EUv0 values obtained from local instruments are about double the external ones
(see Table 6.11). The local values with their average of 211 MPa are also much higher
than the 125 MPa recorded by Hosseini Kamal (2012). The difference is too large to
be explained by the difference in effective stress states alone, which amount to just
10− 20 kPa for both axial and horizontal stresses.
As with Oxford clay, the curves are much more scattered for EUh than E
U
v , both
for the external and local instruments (see Figures 6.36 and 6.37). However, the two
measurements are relatively consistent for a given αdσ. For example, the local initial
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Test EUv0 E
U
hr0 E
U
hθ0 E
U
h0 Gvh0 Ghh0 µ
U
hh0 µ
U
vh0
Reference [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] – –
KA0005 115 259 261 260 – 149 -0.128 1.128
KA2305 102 233 221 227 27 128 -0.112 1.112
KA4505 105 263 294 278 32 206 -0.324 1.324
KA6705 93 118 134 126 31 48 0.323 0.677
KA9005 105 190 208 199 – 94 0.052 0.948
KT9005 167 391 366 379 – 219 -0.136 1.136
KASS – – – – 68 – – –
Average 104 212 223 218 39 125 -0.038 1.038
Std. Dev. 7.9 60.2 60.5 59.8 19.3 59.2 0.242 0.242
Table 6.10: Initial undrained cross-anisotropic parameters obtained from linear regres-
sion over small strain range of external instruments (Average and standard deviation
exclude test KT9005)
Test EUv0 E
U
hr0 E
U
hθ0 E
U
h0 Gvh0 Ghh0 µ
U
hh0 µ
U
vh0
Reference [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] – –
KA0005 125 231 231 231 – 108 0.075 0.925
KA2305 204 253 253 253 – 92 0.379 0.621
KA4505 246 367 367 367 53 147 0.253 0.747
KA6705 243 103 103 103 58 29 0.787 0.213
KA9005 237 189 189 189 – 59 0.601 0.399
KT9005 – – – – – – – –
KASS – – – – 68 – – –
Average 211 229 229 229 60 87 0.419 0.581
Std. Dev. 50.9 96.2 96.2 96.2 7.6 45.1 0.281 0.281
Table 6.11: Initial undrained cross-anisotropic parameters obtained from linear regres-
sion over small strain range of local instruments (Average and Standard deviation ex-
clude test KT9005)
EUh0 measurements vary within ± 30 % of the global ones (see Table 6.10 and 6.11). In
both cases, the lowest EUh curve is obtained for test KA6705, test KA9005 presents an
intermediate value and the three other tests (KA0005, KA2305 and KA4505) have the
stiffest curves.
Considering that the external and local EUh measurements present similar values but
the local EUv are about double of the external ones, it is clear that the stiffness anisotropy
recorded in both cases are very different. The external instruments indicate relatively
strong anisotropy in the initial stiffnesses, with EUh0/ E
U
v0 ratios ranging from 1.35 to 2.75
(see Figure 6.38). Their average of 2.10 is slightly higher than the 1.9− 2 ratio obtained
by Hosseini Kamal (2012) (see Table 6.10 and 6.7). The local ones show a much lower
anisotropy with ratios ranging from 0.5 to 1.85 and an average of 1.16 (see Table 6.11).
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Torsional shear modulus The Gzθ degradation curves from external and local mea-
surements are presented in Figure 6.39 and 6.40 respectively. As stated before, the
shear electro-level only performed properly during test KA4505 and possibly during test
KA6705, although the results from the latter are unsure. It should be noted that test
KASS was performed with the ICRCHCA which is equipped with semi-local instruments
and in which dynamic shear stiffness is measured independently with the resonant col-
umn system.
The external Gvh curves for tests KA4505 and KA6705 are consistent while KA2305
presents a slightly lower stiffness. The Gvh0 are summarised in Table 6.10, showing little
difference in initial stiffnesses for the three tests. Again, the shear stiffness recorded by
external instruments is about half the ones from local and semi-local ones (see Table 6.10
and 6.11).
Figure 6.40 shows good agreement between the local and semi-local measurements
made in tests KASS and KA4505. The more questionable local measurements from
test KA6705 also follow similar trends. Noting the consistency between external Gvh in
KA4505 and KA6705, the local data from the latter may still be valid in spite of the
leak in the transducers.
Shear stiffness dependence on stress
In the case of Kimmeridge clay, continuous non-destructive RC measurements could only
be made during KASS test. Therefore, the data presented here is limited to this test
and comparison across tests can not be performed.
The variation with p’ of Gvh normalised by the void ratio function is presented in
Figure 6.41(a). Regression gives an exponent np of 0.38, higher than the 0.22 reported by
Hosseini Kamal (2012). However, it is clear from the plot that the data set is too limited
to be given great significance. This is slightly improved by considering the variation with
σ′z ∗ σ′θ with the data from anisotropic consolidation in Figure 6.41(b). In this case, the
exponent n was 0.19.
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Figure 6.20: Strains developed during b-change stage for Kimmeridge clay tests (left:
external measurements, right: local measurements). Straight lines present the cross-
anisotropic model predictions.
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Figure 6.21: Strains developed during b-change stage for Kimmeridge clay tests (left:
external measurements, right: local measurements). Straight lines present the cross-
anisotropic model prediction.
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Figure 6.23: Stress paths of Kimmeridge clay tests in τzθ-(σz−σθ)/2 space during shear
stage at constant αdσ (Rupture: onset of strain localisation)
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Figure 6.24: Strain contours from external instruments of Kimmeridge clay in τzθ-(σz −
σθ)/2 space fitted with ellipses (Rupture: onset of strain localisation)
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Figure 6.25: Strain contours from external instruments of Kimmeridge clay in τzθ-(σz −
σθ)/2 space plotted with predictions from isotropic and cross-anisotropic linear elastic
models (data from Hosseini Kamal (2012) for elastic models)
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Figure 6.26: Strains from external measurements developed during shear stage at con-
stant αdσ for Kimmeridge clay tests (straight lines present cross-anisotropic model pre-
dictions)
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Figure 6.27: Strains from local measurements developed during shear stage at constant
αdσ for Kimmeridge clay tests (straight lines present cross-anisotropic model predictions)
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Figure 6.28: Strains from external measurements developed during shear stage at con-
stant αdσ for Kimmeridge clay tests (straight lines present cross-anisotropic model pre-
dictions)
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Figure 6.29: Strains from local measurements developed during shear stage at constant
αdσ for Kimmeridge clay tests (straight lines present cross-anisotropic model predictions)
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Figure 6.30: Strains from external measurements developed during shear stage at con-
stant αdσ for Kimmeridge clay tests (straight lines present cross-anisotropic model pre-
dictions)
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Figure 6.31: Strains from local measurements developed during shear stage at constant
αdσ for Kimmeridge clay tests (straight lines present cross-anisotropic model predictions)
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Figure 6.32: Strains from external measurements developed during shear stage at con-
stant αdσ for Kimmeridge clay tests (straight lines present cross-anisotropic model pre-
dictions)
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Figure 6.33: Strains from local measurements developed during shear stage at constant
αdσ for Kimmeridge clay tests (straight lines present cross-anisotropic model predictions)
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Figure 6.34: Degradation curves of EUv during shear stage at constant αdσ for Kim-
meridge clay (external instruments)
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Figure 6.35: Degradation curves of EUv during shear stage at constant αdσ for Kim-
meridge clay (local instruments)
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Figure 6.36: Degradation curves of EUh during shear stage at constant αdσ for Kim-
meridge clay (external instruments)
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Figure 6.37: Degradation curves of EUh during shear stage at constant αdσ for Kim-
meridge clay (local instruments)
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Figure 6.38: Comparison of degradation curves of EUv and E
U
h for Kimmeridge clay
during shear stage at constant αdσ (external)
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Figure 6.39: Degradation curves of Gzθ during shear stage with RC measurements for
Kimmeridge clay (external)
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Figure 6.40: Degradation curves of Gzθ during shear stage with RC measurements for
Kimmeridge clay (local)
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Figure 6.41: Variation of Gzθ with stress state for Kimmeridge clay
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6.3 Gault clay
For Gault clay, seven tests were performed in the ICRCHCA: six samples were sheared
at constant p, b and αdσ values, and the last one was a simple shear test, GASS (see
Table 5.5 on page 195 in Chapter 5). A power cut occurred during the final stage
shearing of GA2305*, which triggered the loss of all the pressures applied to the sample.
The test had to be repeated (GA2305), but the results of GA2305* will be presented up
to the point where the pressures dropped (at 1 − 3 = 4 %).
6.3.1 Undrained b-change stage
This stage was started from the estimated in-situ stresses for Gault clay, that is p’=163 kPa,
q=85 kPa, b=1 and α=90◦ corresponding to a K0 of 1.8.
Stress paths
The effective stress paths for Gault clay during the b-change stage are presented in b -
p’ space on Figure 6.42. Once again, the paths deviate from that predicted by isotropic
linear elasticity. The effective stress paths are relatively consistent with the exception
of GA4505 and GA0005 which present slightly higher slopes. In the case of GA4505, it
may have been the result of a small leak. The leak was not detectable during the test
as the associated drift in volume measurements fell below the creep limit and within
the range associated with the laboratory temperature variations at that time. Indeed,
failure of the temperature control system occurred during the re-consolidation stages of
this test. However, the effective stress behaviour of GA0005 seems to be a feature of the
sample.
Hosseini Kamal (2012) obtained the cross-anisotropic parameters presented in Ta-
ble 6.12 from effective stress probing tests performed on Gault clay samples from around
10 m depth. The probes were performed in triaxial cells from the following stress state:
p’=160 kPa and q=85 kPa, b=1 and α =90◦. The range of predicted effective stress
paths shown on Figure 6.42 were computed based on the average cross-anisotropic elas-
tic parameters from Table 6.12. They predict slightly higher changes in p’ than were
recorded. The observed paths fall in between the cross anisotropic and the isotropic
model predictions.
Strain paths
Figures 6.44 and 6.45 presents the strains developed versus the b value for each test.
While the trends of z and θ with b are reasonably linear, the r component shows the
most clearly non-linear response - as with the other soils. Gasparre (2006) reported that
the limits in q-p’ of Y1 to extend only a few kPa from the K0 stress point for samples of
London clay from variety of depths. Hosseini Kamal (2012) has confirmed this feature
with the present project on older mudrocks. The stress changes imposed during the
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Probes Drained parameters Undrained
E′v E′h µvh µhv µhh G E
U∗
v E
U
v E
U
h
[MPa] [MPa] – – – [MPa] [MPa] [MPa] [MPa]
Axial comp. 67 0.23
Axial ext. 75 0.17
Radial comp. 239 0.92 0.06
Radial ext. 239 0.94 0.06
Constant p’ 27.5
Undrained comp. 137 129 240
Table 6.12: Stiffnesses and Poisson’s ratios obtained from stress probes on rotary cored
samples of Gault clay at p’=160 kPa and q=85 kPa, b=1 and α =90◦ by Hosseini Ka-
mal (2012). For EUv , the value annotated by * was measured directly from undrained
shear tests while that without was estimated from the drained parameters. (comp.:
compression, ext.: extension)
b-change stage are all in the order of the tens of kPa (∆σz : ∆σr : ∆σθ=14:-28:14 kPa).
It is therefore not surprising to see stress-strain non-linearity developing, especially in
the r direction which experienced the higher stress changes during this stage.
The strains predicted by cross-anisotropic elasticity are plotted again along side the
observed strains. Average values from Table 6.12 were used for prediction. At the early
stage of the b-change, the model fits the r and z variation fairly well. However, θ
is underestimated by the elastic model, as the observed value tends to be of similar
magnitude to z. The observed behaviour appears close to the isotropic pattern. This
is highlighted by the ratio ∆z : ∆r : ∆θ varying from 1:-1.7:0.7 to 1:-2:1, closer to
the 1:-2:1 ratio expected for isotropic elastic soil than the 1:-1.09:0.09 from the cross
anisotropic elastic model.
This behaviour is also illustrated in Figure 6.43, looking at the strain paths in the
octahedral plane. The paths clearly fall closer to the isotropic than the cross-anisotropy
predictions, with GA6705 and GA0005 following the isotropic strain path. In all these
plots, the behaviour of GA4505 differs from the other tests due to its small leak, and
its similarity to the pattern observed in a comparable test on Oxford clay (OA6705) is
evident.
In conclusion, during the largely inelastic b-change stage, Gault clay samples from
10 m depth exhibit less anisotropy than expected from the elastic probing tests in triaxial
cells, both in terms of stress and strain behaviour. In the case of strains, the behaviour
seems much closer to isotropic than anisotropic. However, the strains developed in the
b-stage were many times larger than those required to engage the Y1 yield surface.
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6.3.2 Undrained shear at constant direction of major principal stress
increments
Stress paths
The effective stress paths developed during undrained shearing at constant αdσ are
presented in (σz − σθ)/2 - p’ space on Figure 6.46. As with Kimmeridge clay, the initial
slopes d[(σz − σθ)/2 ]/dp’ vary significantly, ranging from -1.6 to -3 as presented in
Table 6.13. However, there is no apparent pattern in this case. Two possible explanations
for such behaviour are:
 The stress state is not axially symmetric locally during this stage (b 6=0 or 1).
Therefore, even if we assume elasticity, the compliance matrix is not necessarily
cross-anisotropic due to a different anisotropic state having been induced by the
b-change stage. In this case, there is no reason for the slope to remain fixed even
when b=0.5, although constant slopes were observed experimentally for other two
comparable soils: Oxford clay in this study and London clay by Nishimura (2006).
 The material does not behave elastically. As noted above, significant plastic strain-
ing is likely to occur even at small strains: the limit for the truly elastic region
for this soils is estimated in the order of 1− 2 · 10−3 % strains by Hosseini Kamal
(2012). Over the strain range considered in calculating this effective stress path
slopes, the soil behaviour would involve significant plastic straining.
It is clear on Figure 6.46, that the effective stress paths of tests involving torsional shear
tend to have shorter apparent linear sections, if any at all. As the strain behaviour seems
to fit reasonably well the cross anisotropic model at very small strains (see paragraph
on strains below), the second explanation is the more convincing.
The range of slopes expected for a cross-anisotropic elastic model based on Table 6.12
is plotted on Figure 6.46. The actual stress paths are rotated slightly to the right of
those. This apparent degree of anisotropy is less than predicted by the model. This
behaviour is consistent with the b-change stage observation.
Strains
The strains developed during the shear stage are presented in Figures 6.48 and 6.49
plotting also the strain ratios predicted by cross-anisotropic elasticity. Even though the
behaviour over this large strain range (up to 3 %) is most likely non-linear and inelastic,
there is generally good agreement. The strain ratios fall in the expected range, with the
ratio EUv :E
U
h :Gvh=1:1.81:0.20 being representative. The same observations apply at the
lower strain range (up to 0.05 %) presented in Figures 6.50 and 6.51. As noted before,
the elastic range Y1 is likely to be at least 10 times smaller.
The exception is test GA6705, in which the computed strain ratios differ more sig-
nificantly from the recorded ones, with θ and z being under estimated while the other
two strains are fairly well represented. This may be linked to the effective stress path in
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Test Slope
Reference d[(σz − σθ)/2 ]/dp’
GA0005 -1.64
GA2305 -2.08
GA4505 -2.96
GA6705 -2.06
GA9005 -2.11
GA2305* -1.70
GASS –
Average -2.17
Std. Dev. 0.48
Table 6.13: Slopes in (σz − σθ)/2 -p’ space at the beginning of shearing for Gault clay
Figure 6.46 which showed no linear portion at the scale adopted for plotting. This may
be a sign that plastic strains developed faster in this test, emphasizing the discrepancy
in stiffness ratios. Another possibility may simply be that the stiffness anisotropy of this
particular sample differs from the others due to heterogeneity.
Strain contours
The strain contours are plotted in Figure 6.52 in τzθ - (σz−σθ)/2 space, again with fitted
ellipses for comparison. At low strain levels, the strain contours are rather elliptical in
shape, but tend to become more circular at higher strains values. However, test GA4505
moderately influences the shape as highlighted in Table 6.14, while its results may be
questionable due to its small leak. If test GA4505 is not taken into account the shape
becomes more circular, as plotted on Figure 6.52.
The contours are clearly more densely packed for tests at α = 67◦ and 90◦, that
is for tests involving axial extension. Again, this is interpreted as being due to the
closer proximity of the failure envelope on this side, leading to plastic strains developing
faster. In Figure 6.52, the ellipses fitted to each strain contour illustrate this. While the
shapes of the ellipses are similar for all strain levels, the centres of the ellipses, which are
initially relatively close to the starting point, progressively move towards the σz = σθ,
as with Kimmeridge clay. This behaviour corresponds neither to the isotropic nor the
cross-anisotropic elastic model, as in both cases the ellipses should always be centred on
the starting point as seen in Figure 6.53. The validity of the latter observation does not
depend on whether the strains from test GA4505 are included or not (see Table 6.14).
6.3.3 Stiffnesses
Undrained shear
Young’s moduli The stiffness degradation curves for EUv are presented in Figure 6.54.
As with the effective stress paths, significant variations are observed in the stiffness
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with GA4505 without GA4505
1 − 3 Centre a/b Centre a/b
[%] kPa – kPa –
0.03 -39.38 1.38 -39.39 1.35
0.05 -37.30 1.32 -37.33 1.26
0.1 -32.99 1.34 -33.12 1.21
0.3 -23.87 1.24 -24.28 1.06
0.5 -19.20 1.17 -19.64 0.95
1 -14.39 1.14 -14.45 0.97
Average -27.85 1.26 -28.03 1.13
Std. Dev. 10.20 0.10 10.10 0.17
Table 6.14: Parameters for the ellipses of 1 − 3 strain contours fitting for Gault clay
shearing stages (a: length of ellipse (σz−σθ)/2 axis, b: length of ellipse τzθ axis, Centre:
position of the centre on the (σz − σθ)/2 axis)
degradation curves. Tests GA4505, GA2305 and GA2305* gave stepped degradation
curves. Problems in the control of axial loads may have caused this, when friction
developed in the axial shaft of the apparatus, leading to small jumps in axial stress.
The tests involving axial ‘compression’ (e.g. αf = 0
◦, 23◦ and 45◦), have slightly
higher EUv values than the two tests in extension (GA6705 and GA9005), with the
exception of test GA4505. The minor leak which affected the latter may have lowered
its stiffnesses compared to the other samples. As with the other soils, the lowest stiffness
curves were obtained at αf = 67
◦.
The initial stiffnesses are given in Table 6.15 and plotted in Figure 6.54. As with
the other soils, they were calculated by linear regression for strain level up to 5 · 10−3
%. The scatter observed is quite large ranging from 140 up to 240 MPa, reflecting the
scatter in the stiffness degradation curves. However, the average of 166 MPa is only
about 20 % higher than the 137 MPa obtained by Hosseini Kamal (2012) with his high
resolution locally instrumented triaxial tests at similar effective stress levels.
The EUh0 stiffness values and its degradation curves exhibit a similar pattern to the
EUv data, with much higher values in the lower αf tests, even for GA4505 (see Fig-
ure 6.55). However, the scatter is greater than for EUv , and so affects the E
U
v /E
U
h ratios
as shown in Figure 6.56. Tests GA9005 and GA6705 show initial ratios around 1 to 1.5
while GA2305, GA4505 and GA9005 have relatively consistent values around 2.4− 2.5,
suggesting stronger ‘anisotropy’ in these latter cases. Both sets differ from the triaxial
ratio of 1.8 deduced from Table 6.12.
Torsional shear moduli The Gvh degradation curves for Gault clay are plotted in
Figure 6.57 with the corresponding RC measurements. The small leak in GA4505 does
not appear to have affected the Gvh measurements, and there is good agreement between
the stiffness curves, with the exception of GA2305* which has a slightly higher stiffness.
Unlike the Young’s moduli, the Gvh degradation patterns appear rather independent of
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Test EUv0 E
U
hr0 E
U
hθ0 E
U
h0 Gvh0 Ghh0 µ
U
hh0 µ
U
vh0
Reference [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] – –
GA0005 182 426 460 443 – 284 -0.219 1.219
GA2305 177 418 420 419 66 257 -0.185 1.185
GA4505 155 360 406 383 60 250 -0.235 1.235
GA6705 139 147 134 140 59 47 0.495 0.505
GA9005 177 256 272 264 – 105 0.255 0.745
GA2305* 237 723 659 691 75 639 -0.459 1.459
GASS – – – – 51 – – –
Average 166 321 338 330 59 307 -0.169 1.169
Std. Dev. 18.3 118.9 134.6 126.4 6.1 198.3 0.260 0.260
Table 6.15: Initial undrained cross-anisotropic parameters obtained for Gault clay from
linear regression over small strain range (Average and standard deviation exclude test
GA2305*)
Test Monotonic RC Difference
Reference [MPa] [MPa] [%]
GA2305 66 77 -14
GA4505 60 72 -17
GA6705 59 82 -27
GA2305* 75 84 -11
GASS 51 74 -31
Average 62 78 -20
Std. Dev. 8.8 5.1 8.6
Table 6.16: Comparison between Gvh0 value obtained from monotonic and RC measure-
ments for Gault clay
the stress paths followed in individual tests.
Slightly more scatter is observed when looking at the Gvh0 obtained from linear
regression of the static torsional shear curves as seen in Table 6.15, reflecting the di-
vergence observed in the early part of the degradation curves. However, the scatter
is similar to that observed for Oxford clay with a standard deviation of about 6 MPa
excluding GA2305*. A similar divergence is obtained for the dynamic measurements of
Gvh0, although as with the Oxford clay, the RC values are higher on average than the
monotonic ones (see Table 6.16). Tests GA6705 and GASS show greater difference than
the others, with their initial monotonic stiffnesses falling about 30 % below the dynamic
values.
In terms of stiffnesses, test GA2305* has consistently higher values than the other
tests. This may be due to its being from a slightly deeper depth (12.5 m BGL) com-
pared to the other samples (from 9.5 to 11.8 m BGL) or possible drying of the sample
(during storage or preparation). As highlighted in Chapter 5, this particular sample had
significantly higher initial suction.
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Test np n
Reference – –
GA0005 – 0.105
GA2305 0.319 0.100
GA4505 0.360 0.192
GA6705 0.242 0.201
GA9005 – 0.042
GA2305* 0.280 0.156
GASS 0.299 0.160
Average 0.300 0.153
Std. Dev. 0.044 0.042
Whole data set 0.498 0.242
Table 6.17: Exponent for the variation of Gvh0 with stress state for Gault clay. np, nv
and nh are defined in Equations 6.5 and 6.4. Regression are performed for each test
separately and on the data set including all tests (Whole data set value).
Shear stiffness dependence on stress
Figures 6.58(a) and 6.58(b) present the variation of Gvh and Gvh normalised by the void
ratio function f(e) = e−1.3 with p’ for isotropic stress states. As with Oxford Clay,
the difference in stiffness values from sample to sample cannot be explained by stress
level or void ratio alone. It is clear on Figure 6.58(b) that discrepancies still remain
after normalisation: for example, tests GA2305* and GA6705 have higher normalised
stiffnesses than the others. As seen in the previous section, test GA6705 does not present
higher Gvh in the monotonic measurements. This could reflect an error in measurement
with the RC. If differences are observed in the absolute values, the variations with p’ are
however fairly consistent, with an average exponent np of 0.30 as seen in Table 6.17. It
should be noted that once again, only a fairly small effective stress range was considered.
The overall np calculated by regression other the whole data set (including all tests) is
higher, about 0.50, which is similar to the value obtained by Hosseini Kamal (2012) from
bender element tests in triaxial cells.
In Figure 6.58(c), the anisotropic stress states are considered as well, during re-
consolidation and b-change in variation with σ′z ∗ σ′θ. As with the isotropic case, dif-
ferences are observed in absolute values between the samples but better agreement is
reached when considering only the variation with stress. The variation was modelled
using Equation 6.4 assuming nv = nh = n. Good agreement is observed, except for
test GA9005. Measurements were not available during the isotropic consolidation stage
in this test so that the effective stress range was too limited to perform a meaningful
analysis.
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Figure 6.42: Effective stress paths in b-p’ space for Gault clay tests during b-change
stage
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Figure 6.43: Strain paths in the octahedral plane during b-change stage for Gault clay
tests
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Figure 6.44: Strains developed during b-change stage for Gault clay tests (straight lines
present cross-anisotropic model predictions)
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Figure 6.45: Strains developed during b-change stage for Gault clay tests (straight lines
present cross-anisotropic model predictions)
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Figure 6.46: Effective stress paths of Gault clay test in (σz − σθ)/2 -p’ space during
shear stage at constant αdσ (Rupture: onset of strain localisation)
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Figure 6.47: Stress paths of Gault clay tests in τzθ-(σz − σθ)/2 space during shear stage
at constant αdσ (Rupture: onset of strain localisation)
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Figure 6.48: Strains developed during shear stage at constant αdσ for Gault clay tests
(straight lines present cross-anisotropic model predictions)
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Figure 6.49: Strains developed during shear stage at constant αdσ for Gault clay tests
(straight lines present cross-anisotropic model predictions)
288
6.3. Gault clay
-0.04
-0.02
0.00
0.02
0.04
 0  0.01  0.02  0.03  0.04  0.05
Str
ain
s [
%]
εzεrεθγzθεzεrεθγzθ
GA9005
-0.04
-0.02
0.00
0.02
0.04
 0  0.01  0.02  0.03  0.04  0.05
Str
ain
s [
%]
εzεrεθγzθεzεrεθγzθ
GA6705
-0.04
-0.02
0.00
0.02
0.04
 0  0.01  0.02  0.03  0.04  0.05
Str
ain
s [
%]
εdev
εzεrεθγzθεzεrεθγzθ
GA4505
Figure 6.50: Strains developed during shear stage at constant αdσ for Gault clay tests
(straight lines present cross-anisotropic model predictions)
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Figure 6.51: Strains developed during shear stage at constant αdσ for Gault clay tests
(straight lines present cross-anisotropic model predictions)
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Figure 6.52: Strain contours of Gault clay in τzθ-(σz − σθ)/2 space fitted with ellipses
(Rupture: onset of strain localisation)
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Figure 6.53: Strain contours of Gault clay in τzθ-(σz − σθ)/2 space plotted with predic-
tions from isotropic and cross-anisotropic linear elastic models (data from Hosseini Ka-
mal (2012) for elastic models)
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Figure 6.54: Degradation curves of EUv for Gault clay during shear stage at constant αdσ
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Figure 6.55: Degradation curves of EUh for Gault clay during shear stage at constant αdσ
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Figure 6.56: Comparison of degradation curves of EUv and E
U
h during shear stage at
constant αdσ for Gault clay
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Figure 6.57: Degradation curves of Gzθ during shear stage with RC measurements for
Gault clay
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Figure 6.58: Variation of Gzθ with stress state for Gault clay
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6.4 Discussion
This section discusses and compares the pre-failure behaviour of the three mudrocks
tested in this study. The behaviour of London clay, as observed in the previous project
by Nishimura (2006) and Anh-Minh (2007), will also be considered. The London clay
data focusses mainly on the series of five tests performed by Nishimura (2006) in the
ICRCHCA on block samples from 10.5 m depth (see Section 2.3.1 in Chapter 2). The
test procedure was identical to the one used here, with re-consolidation to estimated in-
situ stresses followed by two undrained stages: the b-change and the shear at constant
αdσ.
6.4.1 b-change
The behaviour of the four mudrocks during the b-change stage follows similar trends. In
terms of effective stress paths, all soils present clear deviation from the path predicted by
isotropic elasticity, with reductions in p’ (see Figures 6.1, 6.18, 6.42 and 6.59). Changes
in p’ can be predicted with reasonable accuracy by cross-anisotropic elastic analyses,
where the sign and degree of p’ change depend on the initial stress state and four of the
five cross-anisotropic parameters (as no torsional shear stress is applied during the b-
change stage, the Gvh is irrelevant). While the individual influences of these parameters
cannot be easily separated, parametric studies suggest that the observed reductions in p’
reflect a higher stiffnesses in the horizontal direction than the vertical. It is noteworthy
that the stress and strain increments considered far exceed any truly elastic phase of
behaviour.
The trends in strain development are also relatively consistent between soils as high-
lighted by the average strains ratio presented in Table 6.18. In all cases1, the ratio
∆z : ∆r : ∆θ falls in-between that predicted by the isotropic model (1:-2:1) and a
ratio of 1:-1:0. The Gault, London and Kimmeridge clays (from local measurements for
the latter) show similar average ratios of about 1:-1.8:0.8, close to the isotropic model.
On the other hand, Oxford clay seems to diverge more with its average ratio of about
1:-1.6:0.6. Uncertainties remain for Kimmeridge clay, as external and local instruments
yield in very different values. Parametric studies considering the range of values reported
by Hosseini Kamal (2012) and Gasparre (2006) for cross-anisotropic elastic parameters
showed that the ratios are most highly affected by the ratio E′h/E
′
v and by µhh, and less
significantly by µvh (in the cross-anisotropic model, µvh and µhv are related by Equa-
tion 2.7). Strain paths in the octahedral plane illustrate the above trends, as shown in
Figure 6.60.
1Except for the two leaking tests (OA6705 and GA4505)
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δr/δz δθ/δz Std dev.
Oxford clay -1.63 0.64 0.16
Kimmeridge clay (external) -1.46 0.43 0.09
Kimmeridge clay (local) -1.80 0.80 0.21
Gault clay -1.85 0.84 0.11
London Clay (Nishimura, 2006) -1.82 0.78 0.13
Table 6.18: Average strain ratios and their standard deviation during b-change stage for
the four mudrocks
Soil d(σz − σθ)/2 /dp’ Std dev.
Oxford clay -1.71 0.16
Kimmeridge clay -2.26 0.73
Gault clay -2.17 0.48
London Clay (Nishimura, 2006) -2.2 –
Table 6.19: Average initial slopes of the effective stress paths in (σz − σθ)/2 - p’ space
during shear stage for the four mudrocks
6.4.2 Behaviour during shear
Stress paths
The effective stress paths of the four soils are presented in (σz − σθ)/2 - p’ space in
Figure 6.61. As with the behaviour during the b-change, similarities can be observed
between the mudrocks, especially in the early part of the tests. Although small variations
have been noted and discussed in the previous sections, the initial slopes are generally
consistent for all the αdσ directions on a given soil, as expected from the cross-anisotropic
elastic model. The initial slopes of all mudrocks are rotated anti-clockwise away from
the vertical, indicating higher stiffnesses in the horizontal direction compared to the
vertical, as expected from the triaxial probing tests.
While the effective stress paths differ at large strain significantly from soil to soil,
their initial slopes are quite similar. This is illustrated in Figure 6.62 which plots the
stress paths normalised by p′0. All the soils were sheared starting from similar K0 values,
ranging from 1.8 to 2. Consequently, all the stress paths start from the same zone in
Figure 6.62 so that the slopes can be compared directly on the plot. As observed in the
close-up given in Figure 6.63, the initial slopes for all soils fall in a narrow band in the
‘axial compression’ direction (αf = 0, 23 and 45
◦) while a wider spread is observed in
‘extension’ (αf = 67 and 90
◦). On the ‘extension’ side, stress paths clearly deviate from
linearity earlier than in ‘compression’, contributing to the greater spread. Average slope
values for each soil are given in Table 6.19. London, Kimmeridge and Gault clay all
have average slopes of around -2.2 (± 0.05), although the slopes shown by Kimmeridge
and Gault samples are scattered, as discussed previously in Sections 6.2 and 6.3. The
Oxford clay gradients are consistently lower than the others, and show less scatter.
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Figure 6.64 presents the stress paths in τzθ - (σz − σθ)/2 normalised by the mean
effective stress at the start of shearing p′0. For the tests at constant αdσ, the stress
paths showed in this plot were imposed so that the soils tended to fail at target αf
values. The stress paths of the simple shear (SS) tests were not imposed. Again, the
similar K0 values of each soil aid direct comparison of the stress paths on the normalised
plot. The initial part of the SS stress paths in the normalised τzθ - (σz − σθ)/2 space
are consistent in Figure 6.64. The stress paths are nearly parallel to the τzθ axis. For
a purely isotropic linear elastic material, the directions of principal strain increments
should coincide with the directions of principal stress increments. In undrained simple
shear, as the only varying strain is the shear strain, the orientation of the major principal
strain increments βd is constant and equal to 45
◦. For an isotropic elastic material, αdσ
should also be constant and equal to 45◦, that is the stress path in τzθ - (σz − σθ)/2
space should be parallel to τzθ axis. Although αdσ and βd do not coincide in the general
case for a cross-anisotropic elastic material, in this particular instance the strain path
selected lead to a vertical stress path for this model as well. The behaviour observed
over the early stage of simple shear follows a similar trend to those of an elastic material
(isotropic or cross-anisotropic), although the response is probably non-linear at this scale
and involves plastic straining.
Strains
The best fitted ellipses for the strain contours of each soil are plotted in τzθ - (σz−σθ)/2
space normalised by p′0 in Figure 6.65. They help to visualize the divergence from
isotropic behaviour, and its evolution during shearing.
For all soils, the centres of the ellipse displace towards the positive (σz − σθ)/2 side
as the strain level increases. As noted before, for Oxford clay, the central displacement
is limited (see Table 6.3) and the strain contours appear to remain centred roughly on
the starting point. The shape is also distinctively elliptical, with an average ratio of long
to short axis lengths of 1.5. Kimmeridge and Gault clays present another trend, with
strain contours that have a more circular shape and show larger central displacements
with increasing strains. They show a dependency of the strain development on the
shearing direction. The strain gradients appear steeper on the ‘axial extension’ side
(αf = 67
◦ and 90◦), as the strain contours are more closely spaced on this side. This
will be further discussed in Sub-section 6.4.3.
An other difference between Oxford clay and the other soils may be seen in the
evolution of the shapes of the strain contours with strain level, as represented by the
ratios of long axis to short (see Tables 6.3, 6.9 and 6.14). While for Kimmeridge and
Gault clays, the ratios decrease distinctively as the strain level increases, for Oxford clay
they remain more or less constant.
Both in terms of strain and stress behaviour, the Oxford clay behaviour is signifi-
cantly different, displaying greater divergence from the elastic isotropic predictions.
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Test EUv0 E
U
hr0 E
U
hθ0 E
U
h0 Gvh0 Ghh0 µ
U
hh0 µ
U
vh0
Reference [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] – –
LA0005 190 313 313 313 – 133 0.174 0.826
LA2305 194 395 331 363 76 170 0.065 0.935
LA4505 177 324 358 341 61 165 0.037 0.963
LA6705 150 163 192 178 76 63 0.409 0.591
LA9005 288 397 382 390 – 147 0.324 0.676
Average 200 319 315 317 71 154 0.150 0.850
Std. Dev. 52.3 95.1 73.7 82.8 8.9 16.9 0.130 0.130
Table 6.20: Initial undrained cross-anisotropic parameters obtained for London clay from
linear regression over small strain range based on data by Nishimura (2006)
6.4.3 Young’s moduli
Vertical Young’s moduli
The EUv degradation curves are plotted in Figures 6.66 and 6.67 normalised by the
initial mean effective stress p′0. As explained in Sub-section 6.1.3, for a given soil, the
stiffness is dependent on several factors such as effective stress level and void ratio.
Ideally, the stiffness should be normalised using the power law equations proposed in
Sub-section 6.1.3 so as to properly remove those effects and compare the influence of
the natural soil properties (structure, chemical, etc.) alone. However, in the present
case, there was no information available on the variation of EUv with void ratio or stress
level for most of those soils. As it was beyond the scope of this work to produce such
information, a simpler normalisation by p′0 has been adopted.
Keeping this in mind, the stiffness degradation curves of Oxford, Kimmeridge, Gault
and London clays are similar at given αf values (see Figures 6.66 and 6.67). For all αf
values, the curves are bounded by Oxford clay (the highest curve) and London clay (the
lowest curve) while Kimmeridge and Gault vary between depending on the αf value.
The spread in curves is the lowest at high αf (67
◦ and 90◦) and highest for low αf .
While more divergence is observed between the soils below 0.01 % axial strain, their
normalised average initial stiffness EUv0/p
′
0 are still comparable in order of magnitude.
London clay appears softer than the others both in the initial values and the subsequent
degradation. As highlighted in Table 6.20, London clay exhibits initial absolute stiffness
values similar to those of Gault clay even though it was tested at a much higher p’ level
(almost double).
Horizontal Young’s moduli
In Figures 6.68 and 6.69, the normalised secant EUh curves are plotted alongside the
vertical ones. As explained in previous sections, the horizontal stiffness curves tend
to have more scatter than the vertical. Taking this into account, similar observations
can be drawn as for EUv . Oxford clay appears to have not only the highest stiffnesses
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Test Oxford Kimmeridge Kimmeridge Gault London
external local
A0005 2.38 2.26 1.85 2.44 1.65
A2305 2.05 2.22 1.24 2.37 1.87
A4505 2.50 2.65 1.49 2.47 1.93
A6705 1.61 1.35 0.43 1.01 1.18
A9005 2.46 1.90 0.80 1.49 1.35
Extra 2.02 2.27 – 2.92 –
Average 2.20 2.08 1.16 1.96 1.60
Std. Dev. 0.37 0.48 0.56 0.67 0.32
TXA stress probes* 2.4-2.5 1.9-2 1.9-2 1.7-1.9 1.42
Table 6.21: Ratio EUh0/E
U
v0 for each soil (*: data from Hosseini Kamal (2012)). London
clay results are based on data from Nishimura (2006) and Gasparre (2006) for the stress
probes.
but also the highest ratios of EUh /E
U
v . It should be noted that uncertainties remain
regarding the ratios of the Young’s moduli for Kimmeridge clay, as the local and external
instruments gave very different results. However, all the other clays exhibit strong
anisotropy as highlighted by the ratio EUh0/E
U
v0 presented in Table 6.21. While Oxford
clay clearly presents a different behaviour in terms of stress and strains, its initial ratio
of Young’s moduli is not significantly different to the others, taking account of the
standard deviation for each soil. However, looking at the ratios deduced from triaxial
drained stress probing by Hosseini Kamal (2012) and given in Table 6.21, the Author’s
EUh0/E
U
v0 ratios for Gault, Kimmeridge (from external measurements) and London clays
are slightly higher than the triaxial trends.
Comparison with triaxial results
The absolute values of initial Young’s moduli can be compared with those deduced from
the drained parameters measured by Hosseini Kamal (2012) (see Table 6.1, 6.7, 6.12).
With the exception of London clay, the stiffness obtained in the HCA are consistently
higher than expected from the triaxial trends. However, it should be noted that this
difference is mainly observed at the small strain level. Figure 6.70 show that the EUv
curves from triaxial and HCA tests at similar effective stress level tend to coincide from
an z of about 0.02 % onwards.
EUv0 measured in Oxford clay and Kimmeridge clay (from local instruments) are about
double the expected values, with less difference for Gault clay. While the two types
of test, triaxial stress probes and HCA shearing were performed at slightly different
effective stress states, the differences (a few tens of kPa) were insufficient to produce
such changes in stiffness. For example, a similar difference observed in the triaxial shear
tests on Kimmeridge clay presented in Figure 6.70 resulted in a change of EUv0 of only
25 %.
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An other explanation for this discrepancy may be the higher strain rates applied
during shearing in the HCA. As further discussed in Sub-section 6.4.4 below, several ex-
perimental studies with RC and torsional shear devices have highlighted the dependency
of the small strain stiffness on the strain rate, with higher stiffnesses being recorded for
higher strain rates. As explained in Chapter 5, due to the problem of air diffusion in the
ICRCHCA, the shear stage had to be performed at relatively high shear rates so that
the stage could be completed in 3 to 4 days. This implies a strain rate 10 times that used
by Hosseini Kamal (2012). However, based on the analysis for shear stiffness presented
in Sub-section 6.4.4 below, a tenfold strain rate change may only lead to perhaps a 10
% shift in stiffness, far below that indicated.
Stiffness variation with stress path
An other feature observed in all the soils is the lower stiffness values for tests conducted
to fail at αf = 67
◦. Indeed, as seen in Figures 6.13, 6.14, 6.34, 6.36, 6.54 and 6.55,
the stiffness degradation curves of the αf = 67
◦ tests consistently fall below the other
orientations for both horizontal and vertical Young’s moduli. Reflecting this, the initial
stiffnesses, EUv0 and E
U
h0, are also about 10 to 20 % lower than the average of the other
tests. It should be noted that for Gault clay, there is also an apparent reduction of
stiffness with increasing αf while for the other soils the phenomenon is restricted to the
67◦ orientation.
Several possible explanations are considered for this phenomenon:
Small stress range The 6705 tests are the closest to pure torsion. A pure torsional
test applies torsion keeping all other stress parameters constant (σz, σr, σθ). Tests at
αf = 67
◦ involved the smallest stress changes in the horizontal and vertical direction,
with less than 50 kPa change. This may lead to incorrect measurement of stiffness due
to the very small changes in horizontal and vertical stresses and strains. However, the
tests at αf = 45
◦ involved predominant torsional stress with similar limited stress and
strain changes in the horizontal and vertical direction, without presenting such a low
stiffness. So this hypothesis does not seem likely.
Variation in strain rate The tests applying torsion (αf = 23
◦, 45◦ and 67◦) are shear
strain controlled, while the other tests are axially strain controlled (αf = 0
◦ and 90◦).
This leads to different strain rates for z, r and θ depending on the tests performed.
Lower axial and radial strain rates are recorded for test αf = 67
◦, which may result in
lower stiffness. However, as with the precedent hypothesis, tests at αf = 45
◦ presents
similar strain rate with higher stiffness. Moreover, the difference is strain rate is less
than a factor 10, so that as explained above, the change in stiffness is unlikely to exceed
10 %.
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Natural heterogeneity of the soil As seen in Chapter 5, although the samples were
chosen so as to avoid any unusual features such as cemented bands, some variations
inevitably exist in the natural material. Gault clay was the only soil to exhibit a clear
variation of the stiffness with αf . In this case, the apparent variation might simply be
due to the change in the stratigraphy, as the samples used were from different depths
and boreholes. For example, this is clearly the case in samples KT9005 and GA2305*,
which are stiffer than their respective counterparts KA9005 and GA2305. Regarding the
lower stiffness at αf =67
◦, this phenomenon was consistently repeated over the three
clays. Therefore it seems unlikely to be simply due to heterogeneity.
Intrinsic properties of the material The lower stiffnesses may result from depen-
dency of the material properties on the stress paths followed, affecting the stiffness degra-
dation curves. For example, the material properties may vary depending on whether
axial compression or extension is applied.
In this option, the curves can be influenced in two ways. First, the behaviour in the
linear elastic zone may be dependent on the stress paths so that the maximum elastic
stiffness EUmax value variates. This would lead to a spread in the degradation curves as
their starting points differ. Secondly, even if the EUmax is unaffected by the stress paths,
the rate of degradation may differ, creating the spread. Obviously, both options may
also occur at the same time. While Table 6.15 hints at different values of EU0 in the
Gault clay case, comparisons of external and local measurements on Kimmeridge clay
showed that uncertainties remain on the external instruments capacity to capture this.
Oxford clay and Kimmeridge clay do not appear to have a variation of EU0 with αdσ. A
few phenomenons that may produce the observed effects are considered below:
Recent stress history In this case, the initial EU0 would depend on the direction
of the stress path with respect to the one of the incoming stress path. The ‘com-
pressive’ tests (αf = 0
◦, 23◦ and 45◦) involved a stress reversal from the anisotropic
re-consolidation path while the ‘extensive’ ones (αf = 67
◦ and 90◦) did not. Based
on Gasparre (2006)’s work on London clay (see Chapter 2 for details) the incoming
re-consolidation stress path most likely reached Y2 limits and extended far beyond
it. Therefore, the recent stress history may affect the stiffness behaviour even
when implementing a sufficiently long drained creep period (Gasparre, 2006). In
this reasoning, it was assumed that the subsequent b-change stage effects were
limited and therefore ‘erased’ by the following pause period before shear. That
may not be so as the strain developed during b-change stage (0.02-0.04 %) are
likely to be higher than the initial Y2 limits, as observed by Gasparre (2006) on
London clay (Y2 limits at 0.01-0.02 %). However, it should be noted that the initial
values observed at αf = 90
◦ did not fall below the compression case for Oxford and
Kimmeridge clay, while they followed similar re-consolidation approach effective
stress paths as Gault.
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Non cross-anisotropic elastic matrix As stated in Subsection 6.1.2, the stress
state is not axis-symmetric locally during the shearing stage. The resulting stiffness
matrix may not be cross-anisotropic even when the material is elastic. In this case,
coupling with the shear components (strain and stress) may affect the computed
values of EU0 so that they vary with stress paths.
Inelastic behaviour As noted previously, it is unsure wherever the EU0 measured
corresponds to the elastic EUmax, so that it is not known whether E
U
max varies with
stress path or not. If it is assumed that it does not, then the faster degradation
of the tests at αf = 67
◦ may be attributed to a development of plastic strain
dependent on the αdσ direction. As the tests started from a state in extension
(α = 90◦, b = 1), it is likely that the boundary surface Y3 is closer when axial
extension is applied than in for axial compression. Due to the proximity of Y3
the other two boundaries surfaces may not be centred on the current stress point,
leading to the direction dependency of the rate of stiffness degradation. This
argument is also supported by the observation that the strain contours are more
closely spaced in the extension direction.
It is difficult to determine which (if any) of the factors above has the predominant
impact, although the latest three points based on variation of soil properties appear
more plausible.
6.4.4 Torsional shear stiffness
Degradation curves
Torsional shear stiffness degradation curves normalised by p′0 are plotted in Figure 6.71.
There is a good agreement between Oxford, Kimmeridge and Gault clay in this normal-
isation. Indeed, the curves almost coincide at shear strains greater than 0.8 %. Greater
discrepancy is observed at lower strain values, the normalised initial stiffness Gvh0 being
the highest for Gault and lowest for Oxford. As with EUv , London clay presents a much
softer response than the others when normalised by p′0. The good agreement between
the three other soils is surprising, as there is no a priori reason for these three soils with
different intrinsic properties and ages to have similar curves.
Noting the trends from Hosseini Kamal (2012)’s bender element measurements, the
curves were also normalised in Figure 6.72 for effective stress level and void ratio using
the power law from Equation 6.5. In this case, greater divergence is observed between the
soils. Gault and Oxford clay present similar initial normalised shear stiffness. However,
the Gault stiffness curves degrade more rapidly. This may be expected as the effective
stress paths developed by Gault clay tend to deviate from apparent linearity earlier than
Oxford clay. Once normalised, Kimmeridge clay appears much stiffer than the other two
soils. This is principally due to its Gvh0 being less dependent on stress level (with a
lower exponent n value).
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Test Oxford Kimmeridge Gault London
Reference Nishimura (2006)
2305 -19 – -14 -13
4505 -24 – -17 -28
6705 -17 – -27 -16
extra – – -11 –
SS -25 -36 -31 –
Average -21 -36 -20 -19
Std. Dev. 4 – 9 8
Table 6.22: Differences in % between monotonic and resonant column measurements of
Gvh0 for the four stiff clays
Comparison of RC and static measurements
The monotonic measurements of Gvh0 were consistently lower than the equivalent RC
measurements with all four soils. The average deviation was about 20 % as presented
in Table 6.22 matching Nishimura (2006)’s difference of 10-30 % found from a larger
number of tests on London clay in the same apparatus. Nishimura (2006) identified
several possible reasons for this consistent trend:
1. An inadequate model is used for deriving Gvh0 from RC measurements, or errors
were made in the determination of equipment constants during the calibration of
the model. Any of those could lead to an over-estimation of the RC Gvh.
2. Non-uniformities in τzθ and γzθ may lead to inaccurate stiffness measurements.
3. The much faster strain rate in the dynamic case may lead to higher value of shear
stiffness.
4. The measurements of shear strain in the ICRCHCA are made from platen to
platen. There is a possibility of compliance in the system, such as imperfect shear
coupling between the soil and the platen for example, that might reduce the Gvh0
in the monotonic case.
RC model and calibration It is difficult to evaluate the effects of the first hypoth-
esis. The current RC model already takes into account several aspects of the apparatus
compliance. Nishimura (2006) showed that, over the range of resonant frequencies en-
countered (120 to 180 Hz), a 3 DOF model gives G values 2 to 7 % higher than the
standard 1 DOF model (see Chapter 4). It means that using the less elaborate model
would give values closer to the static ones, although they would still exceed the latter.
The problem may reside in the difficulties of defining the extra parameters in the 3 DOF
model. In the present study, a new method was developed to obtained those parameters
(see Appendix A). The Author’s calibration values may be compared with parameters
obtained from previous studies on the same apparatus (Nishimura, 2006; Porovic, 1995).
While Nishimura (2006)’s calibration generates stiffness values within ±5 % of the Au-
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thor’s one, applying Porovic (1995)’s calibration data give values which are about 15 %
lower.
Non-uniformity effects Nishimura (2006) discussed the possible effects of the second
hypothesis on London clay. To look into the effects of non-uniformities, Nishimura (2006)
considered the two available equations for averaging τzθ, depending on wherever linear
elastic or perfectly plastic behaviour is assumed. Those two conditions represent two
extreme cases. The two equations led to differences in Gvh smaller than 3 % which alone
is too limited to explain the 20 % anomaly observed.
Strain rate In the resonant column, the strain rates applied to the soil cannot be
controlled, and are usually significantly higher than in monotonic shear. Several studies
on a wide range of intact clays, from soft normally consolidated to stiff heavily over-
consolidated ones, reports consistently higher G0 value from RC tests compared to the
one obtained from Cyclic Torsional Shear (CTS) (Georgiannou et al., 1991; Lo Presti
et al., 1997; D’onofrio et al., 1999; Stokoe et al., 1999; Cavallaro et al., 1999, 2003).
Based on their data, the difference between the two types of test is about 10 to 20% and
is usually attributed to the higher strain rate in the resonant column tests. Stokoe et al.
(1999) studied the effects on G0 of the loading frequency, which is related to the strain
rate, in CTS and RC tests. G0 was found to increase with frequency, and the variation
to increase with plastic index. D’onofrio et al. (1999) studied the variation of shear
modulus and damping with strain rate of intact stiff over-consolidated Vallericca clay.
Three different methods of testing were used on the same sample to cover a large range
of strain rate: RC, CTS and monotonic torsional shear (MTS). Once again, G0 was
found to increase with strain rate and consequently the different methods give varying
G0, the lowest being for MTS to the highest for RC. The shear stiffness was found to
vary logarithmically with the shear strain rate, and was modelled using the following
equation proposed by Isenhower (1979):
∆G0
G∗0
= Nγ˙∆(logγ˙) (6.6)
where G∗0 is a reference modulus taken as the G0 at strain rate of 0.1%/min by D’onofrio
et al. (1999).
The Nγ˙ and G
∗
0 values were computed for Oxford, Kimmeridge and Gault clay by
assuming that the observed difference is solely due to the strain rate effect. In the case of
the RC tests, the shear strain rate constantly varies during a test from 0 to a maximum
value. For the model in Equation 6.6, a reference strain rate is used taken as the secant
value in each quarter of sinewave as suggested by Isenhower (1979) which gives:
γ˙ = 4γmaxfr (6.7)
where fr is the resonant frequency. The results are presented in Table 6.23. The values of
Nγ˙ for Oxford and Gault clay are situated around 5-6% which is the same range reported
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Soil G∗0 Nγ˙
Oxford clay 77 6.34
Kimmeridge clay 90 12.48
Gault clay 70 5.70
Table 6.23: Parameters to model variation of G0 with strain rate
Soil Gvh0mono Gvh0RC Ghv0BE
[MPa] [MPa] [MPa]
Oxford clay 67 85 102
Kimmeridge clay 39 106 70
Kimmeridge clay (local) 60 106 70
Gault clay 59 75 57
London Clay (Nishimura, 2006) 71 87 65
Table 6.24: Comparison of the shear stiffness Gvh0 of mudrocks obtained from various
methods (BE data by Hosseini Kamal (2012))
by D’onofrio et al. (1999) for two natural clays and a compacted silty sand. However,
the Nγ˙ value of Kimmeridge clay is twice the one of the other. Unfortunately, only one
measurement is available for Kimmeridge clay, the KASS test which was unsaturated.
This makes it difficult to determine wherever the value recorded is significant or not.
Taking into account the uncertainties for Kimmeridge clay, it seems that the difference in
G0 values between RC and monotonic shear is consistent with strain rate effects observed
in other cohesive natural soils.
Dynamic measurements made with bender elements in the triaxial cells at similar
effective stress level give Gvh0 values closer to the static torsional shear ones for London
clay (Nishimura, 2006). This trend was also observed for Gault and Kimmeridge clay
when comparing the results of monotonic, RC and bender element tests, but not for
Oxford clay, as presented in Table 6.24. The bender element values for the tested stress
level were derived from the model of Equation 6.5 based on the parameters obtained
by Hosseini Kamal (2012). As the bender elements are also dynamic tests performed
at high frequencies, they might also be expected to have higher strain rate than the
monotonic ones, and therefore higher stiffness. Although, as the strain level is unknown
in bender element test, the actual strain rate can not be estimated.
Compliance in monotonic measurements Finally, the compliance and inaccuracy
of the shear strain measurements at low strain level may also affect significantly the
measurements of G0 in the monotonic case. For example, in the Mark II ICHCA for
Kimmeridge clay, the G0 from local instruments is twice the one derived from external
instruments. While such a high compliance would not be expected for a measurement
from platen to platen as in the ICRCHCA, there is still possibilities of micro-slippage at
the interfaces, between the porous stones and the sample, and also between the several
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pieces that compose the top cap. However, the good agreement between the stiffness
degradation curves of KA4505 (from local instruments in the Mark II ICHCA) and
KASS (from ICRCHCA) suggests a good accuracy of the measurements with the semi-
local instruments. Although one should keep in mind that KASS may have been stiffer
than KA4505 in reality, as it came from shallower depth, closer to the hard cemented
band.
6.5 Summary
The main findings concerning the pre-failure behaviour of the four stiff clays can be
considered under three headways.
Anisotropy The behaviour of Gault, Kimmeridge and London clay is broadly similar,
showing moderate but still marked anisotropy, especially in terms of stiffness. For exam-
ple, their average ratios of initial stiffness EUh0/E
U
v0 range from 1.8 to 2. The behaviour
of Oxford clay clearly differs from the others. Overall, Oxford clay presents a higher
degree of anisotropy over the whole strain range considered. This is visible in its slightly
higher ratio EUh0/E
U
v0 (average of 2.2), in the evolution of its strain contours which still
exhibit strong anisotropy even at large strains and in the inclination of its effective stress
paths in (σz − σθ)/2 -p’ space.
Intial Stiffness Initial stiffnesses were calculated from linear regression of monotonic
measurements during shearing for strains up to 5 · 10−3 %. The ratios between the
different stiffnesses agree well with the ones obtained by Hosseini Kamal (2012) from
stress probes in triaxial cells on Oxford, Gault and Kimmeridge clay. However, the
values of stiffness measured in the present research tend to be higher, which may be due
to the higher shearing rate employed in the HCA tests. Gvh0 values obtained from RC
tests were found to be consistently higher than monotonic measurements and in most
cases, also higher than bender element results.
Effects of αdσ The pre-failure behaviour, as expressed by the E
U
v and E
U
h curves,
seems to be affected by the direction of principal stress increments αdσ. The observed
effects are: the faster degradation of the Young’s moduli in the tests at αf = 67
◦, the
more closely spaced strain contours and faster deviation from linearity for stress paths
in (σz − σθ)/2 -p’ space for tests moving towards axial extension (αf = 67◦ and 90◦).
It is concluded that those effects are related to the closer presence of the large scale Y3
yield surface in the ‘extension’ direction. This leads to plastic straining becoming more
prominent at earlier stages in this direction. The effects are more pronounced for Gault
and Kimmeridge clay than Oxford clay. It is noteworthy that the initial Gvh and its
subsequent degradation were observed to be unaffected by αdσ.
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Figure 6.59: Effective stress paths in b-p’ space for London clay tests during b-change
stage (Nishimura, 2006)
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Figure 6.60: Comparison of strain paths in the octahedral plane during b-change stage
for Oxford, Kimmeridge and Gault clays
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Figure 6.61: Effective stress paths of the four stiff clays in (σz − σθ)/2 -p’ space during
shear stage at constant αdσ
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Figure 6.62: Effective stress paths of the four stiff clays in (σz−σθ)/2 -p’ space normalised
by p′0 during shear stage at constant αdσ
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Figure 6.63: Close-up on the initial part of the effective stress paths of the four stiff
clays in (σz − σθ)/2 -p’ space normalised by p′0 during shear stage at constant αdσ
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Figure 6.64: Stress paths of the four stiff clays in τzθ-(σz − σθ)/2 space normalised by
p′0 during shear stage at constant αdσ
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Figure 6.65: Strain contours of the four stiff clays in τzθ-(σz − σθ)/2 space normalised
by p′0 during shear stage at constant αdσ
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Figure 6.66: Degradation curves of EUv normalised by p
′
0 and sorted by αf value for the
four mudrocks (Kimmeridge clay curves are taken from local measurements)
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Figure 6.67: Degradation curves of EUv normalised by p
′
0 and sorted by αf value for the
four mudrocks (Kimmeridge clay curves are taken from local measurements)
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for the four mudrocks (Kimmeridge clay curves are taken from local measurements)
313
6. Pre-failure behaviour
 0
 500
 1000
 1500
 2000
 2500
 3000
 3500
 4000
 0.001  0.01  0.1  1  10
E v
U /p
' 0, 
E h
U /p
' 0
Oxford clay
Kimmeridge clay
Gault clay
London clay
αf = 23°
 0
 500
 1000
 1500
 2000
 2500
 3000
 3500
 4000
 0.001  0.01  0.1  1  10
E v
U /p
' 0, 
E h
U /p
' 0
(εz-εθ)/2 [%]
αf = 0°
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Figure 6.70: Comparison of the degradation curves of EUv between HCA tests by the
Author and triaxial tests by Hosseini Kamal (2012) at similar effective stress levels. The
numbers in brackets indicate the effective stress state at the beginning of shearing in the
following order (p’,q,α,b)
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Figure 6.71: Degradation curves of Gzθ normalised by p
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Equation 6.5 with RC measurements for the three mudrocks
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Chapter 7
Failure characteristics
This chapter focuses on the behaviour of the three mudrocks from the onset of failure to
the end of each HCA test. Although clays tend to gradually yield as seen in Chapter 6,
failure is usually associated with reaching peak strength. Failure may also be considered
to start when strain localisation occurs and/or the material ceases to behave as a con-
tinuum. As shown in this chapter, the latter was usually the earliest sign of failure for
mudrocks. Therefore this chapter looks at the behaviour from the start of clear strain
localisation. Following the terminology used by Nishimura (2006), strain localisation is
referred to in the following sections as ‘rupture’, and the start of strain localisation as
‘first rupture’.
High degrees of non-uniformity in stresses and strains develop within the samples
after the onset of strain localisation. Most of the assumptions involved in deriving the
stress and strain state within hollow cylinder samples (see Chapter 4) become ques-
tionable from this stage. When strain localisation concentrates on a well defined single
planar surface, corrections can be applied to obtain the stress state on the shear plane.
However, this scenario rarely occurred in this study as the failure mechanisms were gen-
erally too complex to allow such corrections. The data recorded after first rupture are
therefore taken as representing average ‘apparent’ strengths rather than the well defined
single ‘ideal element’ strength measurements.
As in Chapter 6 on pre-failure behaviour, the behaviour of each clay (Oxford, Kim-
meridge and Gault) is detailed in separate sections in this chapter. Their stress-strain
properties, strength anisotropy and strain localisation properties are considered. The
last section compares and discusses the behaviour of the three mudrocks including also
previous research by Nishimura (2006) and Anh-Minh (2007) on London clay.
7.1 Oxford clay
A total of nine successful tests were performed on Oxford clay, all in the ICRCHCA
apparatus (see Table 5.3 on page 195 in Chapter 5). This section focuses on the six
tests sheared from in-situ stresses at constant b and αdσ as well as one simple shear test
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(OASS). Two trial tests (OT9005a and OT9005b) that were consolidated and sheared
at lower effective stress levels are also briefly discussed.
7.1.1 Stress-strain behaviour
Determination of first rupture
Defining ‘failure’ as the onset of strain localisation relies on identifying the latter accu-
rately. First rupture was determined by careful and regular visual observations of the
outer surface of the HCA samples to look for the appearance of fissures, cracks or shear
bands. As the shear stages lasted three to four days, first rupture inevitably occurred
overnight in some cases and could not always be accurately recorded. In such cases, pos-
sible ranges for first rupture are indicated on the plots. Regardless of this, uncertainties
also exist in the visual determination of first rupture, which can be subjective. Strain
localisation had to be such that the movements were perceptible by the naked eye, under
the limited magnification provided by the outer cell and its water. Grids were drawn on
the outer membrane to aid this process. Only the outer surface could be observed, so
it is not known wherever the strain localisation started at earlier stages from the inner
HCA wall and propagated to the outside. In principle, the true first rupture can only
occur before, or at the same time as, the recorded event.
Digital methods for recording strain localisation exist. They usually make use of
optical instruments and techniques such as Particle Imaging Velocimetry (PIV) or Digital
Image Correlation (DIC) (White et al., 2003). They would lead to a more detailed and
accurate report of strain localisation and its propagation. However, they are difficult to
implement with HCA soil testing techniques. The presence of the water body and of
the curved and optically imperfect perspex cell chamber impairs optical measurements
because of refraction and reflection of light at the interfaces. The curvature of the HCA
sample wall adds to the complexity of obtaining an accurate strain field. However, Lin
& Penumadu (2006) report using a digital imaging analysis techniques successfully to
monitor the formation of shear banding during hollow cylinder tests on Kaolin clay.
Noting the difficulties and uncertainties of digital methods, close and careful visual
observations were accepted as being adequate for this research, in which, while highly
important, the developments of shear localisation was not the main objective.
Deviatoric stress: q
The stress-strain curves developed during undrained HCA tests on Oxford clay are plot-
ted as deviatoric stress q against 1 − 3 in Figure 7.1. The early stage of the curves
vary considerably from test to test as a result of the different stress paths applied. Their
behavioral trends are not easily compared in this plot. However, several features can be
pointed out when focusing on the later part of the curves, at 1 − 3 higher than 0.5%.
First, there is no noticeable abrupt change in the apparent stress-strain behaviour,
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pre and post rupture. Instead, the curves gently increase towards overall peak q values.
The failure process appears to be a gradual one. The only exceptions are the tests at
αf = 0
◦ (OA0005 and OA0005*) which show a slight kick just before 1%. The reason for
this is detailed below in Sub-section 7.1.2. Good repeatability in the stress strain curves
is illustrated by those two nominally identical tests. The curves only differ at 1− 3 ≥ 4
%, but are inseparable at lower strains. In spite of the uncertainties in recording first
rupture as mentioned above, it is clear that it always precedes the peak q condition. This
is linked to the progressive development of failure planes and shear bands through the
samples so that the peak overall ‘apparent’ strengths exceed the ‘first-rupture’ values.
Secondly, all the curves present a gentle decrease in strength post-peak. Apart from
OA9005, the final apparent q values fell within 20 % of the nominal peaks. This is sur-
prising, as Oxford clay is usually understood to be very brittle material (see Chapter 3).
The phenomenon is discussed later in this chapter, in Section 7.4. OA9005 had to be
stopped due to problems in the control of axial load and strain, as visible in the jump
observed close to peak. This sample’s relatively rapid reduction in post-peak strength
may be one of the causes of the control problem.
Effective stress obliquity: t/s’
The effective stress ratio-strain curves are represented as plots of t/s’ in Figure 7.2.
As with the deviatoric (q) plots, curves diverge over the lower strain range due to the
imposed stress paths. First rupture generally precedes the maximum t/s’ which generally
occurs at similar strains to peak q. However, first rupture developed between peak t/s’
and peak q in tests OA0005 and OA0005*. These two special cases are discussed further
in Sub-section 7.1.2.
The t/s’ plots show more marked post peak brittleness than the q plots, especially
in tests OA2305, OA0005 and OA0005* which also present much higher peak ratio than
the others. Even at large strains, these tests do not seem to converge towards the lower
strength group of tests. OA4505 and OASS converged at larger strains, while the early
stage at which OA9005 had to be stopped make it difficult to draw conclusions. OA6705
showed the most stable post-peak trends, but this may be due to the small leak discussed
in Section 6.1 of Chapter 6. Indeed, as illustrated in Figure 6.61 in Chapter 6, OA6705
is the only test that did not present dilative behaviour post failure. It is likely that the
effects of the leak became more significant with time, leading to apparent contractive
behaviour. The probable tendency for pore water pressure to reduce may have been
countered by the leak leading to the apparent stabilisation of t/s’.
As discussed in Chapter 2, the peak shear strength of stiff clays can be highly
anisotropic. It is also sometimes postulated that such clays reach a common ‘post-
rupture’ states shortly after peak (Burland, 1990). However, uncertainties regarding the
non-uniform stress and strain states at the post-peak stage make it hard to determine
whether the ‘post-rupture’ strength is also anisotropic in the present tests.
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Test αrup trup αpeak Su Su/Su0 trup/Su
Reference [Degree] [kPa] [Degree] [kPa] – –
OA0005 0 154 0 175 1.00 0.88
OA2305 24 109 22 145 0.83 0.75
OA4505 44 112 43 127 0.73 0.88
OA6705 71 122 69 145 0.83 0.84
OA9005 90 208 90 260 1.49 0.80
OA0005* 0 148 0 159 0.91 0.93
OASS 58 92 57 112 0.64 0.82
Average 135.12 160.58 0.84
Std. Dev. 39.04 48.40 0.06
Table 7.1: Values of α and t = q/2 at first rupture (rup) and peak q for Oxford clay
(when uncertainty exists for the appearance of first rupture, average values were taken)
Su0: Su at αf = 0
◦
7.1.2 Strength anisotropy
Variation of Su with major principal stress orientation
The variation of Su with principal stress orientation can be represented in two different
ways: directly in as in Figure 7.3 where Su is plotted for tests performed at b=0.5 against
the α value at failure (αf ), or by looking at the failure point in τzθ-(σz − σθ)/2 space
as in Figure 7.4. Indeed, in the latter, the radial distance from the origin (0,0) to the
stress point under consideration corresponds to t = q/2. Table 7.1 gives the numerical
values of Figure 7.3 as well as the ratio of t at first rupture and at peak.
As shown on Figure 7.3, there is clearly an important variation of Su and q/2 at first
rupture with αf . The peak and first rupture cases show similar variation, the lowest
values being observed in tests involving torsion (αf = 23
◦, 45◦, 67◦ and the SS test).
The highest strength is observed in the extension test OA9005. This is partially due
to dilatancy effects related to the stiffness anisotropy of the soil. Indeed, as observed
in Chapter 6, the stiffness anisotropy results in dilative behaviour in the early stage for
tests going in ‘axial extension’ (αf = 67
◦ and 90◦) and vice versa for ‘axial compression’
ones. The p’ at failure tends to be lower for ‘axial compression’ tests than for ‘axial
extension’ ones, as illustrated in Figure 7.6 presenting the effective stress paths in t-
s’ space. Even an ideal material that is cross-anisotropic elastic until failure and fits
an isotropic Mohr-Coulomb failure criterion, would give an anisotropic undrained shear
strength due to the variation in p’ at failure. As a result, Su is relatively low in tests
OA0005 and OA0005*. The simple shear test gives the lowest Su. In Figure 7.3, the
variations in Su have been fitted with the empirical equation proposed by Bishop (1966):
Su = Su0 (1− a sin2(α)) (1− b sin2(2α)) (7.1)
where Su0 is the undrained strength at α = 0
◦ and a,b are fitting parameters.
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The previous observations are also reflected on Figure 7.4. For a soil fitting the
isotropic Tresca model, Su would be independent of αf . The failure envelope in τzθ-
(σz − σθ)/2 space should then be a circle centred on the origin (0,0). This is clearly not
the case here: the lower strengths observed in tests involving torsion give a flattened
shape. It is clearly not centred on the origin because the strength for OA9005 is about
1.5 that of OA0005 (see Table 7.1). The shape is not symmetric but is slightly skewed
towards the ‘axial compression’ side. This is highlighted by comparing the data with
the best fitted ellipse on Figure 7.4. Yet, as with the strain contours in Chapter 6, the
skewing seems to be associated with test OA6705 whose results are questionable. As in
the earlier plots, the first rupture points present a very similar shape to the peak one.
Looking at Table 7.1, first rupture always precedes peak q. The t at first rupture
is lower, ranging from 70 to 90% of the peak, with an average of around 85%. This
relatively constant ratio explains that the first rupture curves mirror the peak one in
Figure 7.3 and 7.4.
Variation of t/s’ with major principal stress orientation
The variations of peak t/s’ with αf are presented in Figure 7.5. In this case, the ten-
dency is the reverse of the Su one: the highest ratios are obtained for tests with low α
(OA0005 and OA2305), the lowest ones are once again for tests in the mid-α range and
intermediate value in the passive extension mode (OA9005).
As already mentioned, two tests OA0005, OA0005* present a special case. Indeed,
the relatively low in-situ stresses combined with the high overall strength of the soil led
the effective stress path to exceed the no-tension line, that is σ′3 reduced to zero (or
possibly below). For the t/s’ ratio, the critical value corresponding to the no-tension
conditions is 1. It is noteworthy that in the case of q/p’ ratio, the no-tension value is
dependent on the intermediate principal stress factor b by the following relationship:
(q/p′)tension =
3
1 + b
(7.2)
For b=0.5 the critical q/p’ for tension is 2. As the simple shear tests had a different b
value, the t/s’ ratio is preferentially used in this thesis to facilitate comparison.
As seen in Figure 7.5, t/s’ ratios of tests OA0005 and OA0005* exceeded 1 by a small
amount at peak. The ‘compression strength’ measured actually corresponded to a tensile
circumferential failure. As highlighted by the effective stress paths in t-s’ space shown
in Figure 7.6, the soil could not sustain much tension. The effective stress path only
slightly passed the no-tension line and then abruptly curved to run close and parallel to
it, before curving back to σ′θ > 0. This phenomenon is reflected in the ‘kick’ observed
above in the strain-stress curves of these two tests. Considering the high degree of non-
uniformity developed at that stage, it is difficult to estimate the tensile strength from
these measurements. Figures 7.5 and 7.6 show that test OA2305 also passed near to the
no-tension line.
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Test αrup (t/s
′)rup αpeak (t/s′)peak (t/s′)peak/ (t/s′)rup/
Reference [Degree] [kPa] [Degree] [kPa] (t/s′)peak0 (t/s′)peak
OA0005 0 1.01 0 1.07 1.00 0.94
OA2305 24 0.72 22 0.97 0.91 0.74
OA4505 44 0.52 43 0.60 0.56 0.88
OA6705 71 0.49 69 0.58 0.54 0.85
OA9005 90 0.61 90 0.70 0.65 0.88
OA0005* 0 0.99 0 1.04 0.97 0.95
OASS 58 0.45 57 0.53 0.49 0.84
Average 0.68 0.78 0.87
Std. Dev. 0.23 0.24 0.07
Table 7.2: Values of α and t/s’ at first rupture (rup) and peak t/s’ for Oxford clay (when
uncertainties exist for first rupture, average values were taken)
This behaviour reflects the dilatancy associated with the stiffness anisotropy, as the
initially inclined stress paths brings the αf = 0
◦ tests closer to the no-tension line than
any others (see Figure 7.6). The no-tension condition restricted the maximum values of
t/s’ in predominantly compressive tests on Oxford clay. Hypothetically, if a sample with
exactly the same properties and structure was taken from a slightly deeper depth and
sheared from in-situ stresses in the same way without being affected by the no-tension
line, the difference between peak t/s’ at 0 and 90◦ would probably reduce: the sharp
change in the compressive strength envelope at αf = 0
◦ would induce a rapid reduction
in (t/s′)α=0 with a slight increase in s’ at failure while the change in (t/s′)α=90 would
not be significant (see Section 7.1.4 and Figure 7.15).
Figure 7.5 also presents the variation of t/s’ at first rupture. As with the Su trends,
the shape is similar to the peak curve. As listed in Table 7.2, the t/s’ ratios at first
rupture amount to about 85% of the peak values.
If the soil followed an isotropic Mohr-Coulomb failure criterion without any cohesion,
then the failure envelope in τzθ/s
′ - (σz−σθ)/(2s′) would be a circle centred on the origin.
Figure 7.7 shows that it is not the case for Oxford clay as illustrated by the best possible
fitted circle. Reflecting the previous remarks regarding the no tension line, the greatest
divergence from the circular shape is shown by tests at αf ≤ 23◦ which give much higher
values.
Strains at failure
The variations with α of strain 1 − 3 at first rupture, peak t/s’ and peak q are sum-
marised in Figure 7.8 and in Table 7.3.
Peak t/s’ and peak q almost coincide except for tests at α = 0◦ and 23◦. This reflects
the more ductile behaviour in tests at lower αf as illustrated by their effective stress
paths in Figure 7.6. As they hit their maximum t/s’ ratios, the low αf tests followed
initially an effective stress path at almost constant t/s’ ratio, as would be expected for
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Test 1 − 3 [%] at Ratios of 1 − 3
Reference 1strup (t/s′)peak qpeak 1strup/(t/s′)peak qpeak/(t/s′)peak
OA0005 3.03 1.75 6.00 1.73 3.43
OA2305 0.89 2.48 3.09 0.36 1.25
OA4505 0.99 2.20 2.32 0.45 1.05
OA6705 0.60 2.43 2.28 0.25 0.94
OA9005 0.78 1.71 1.71 0.46 1.00
OA0005* 2.77 1.83 6.17 1.52 3.38
OASS 0.87 3.13 3.13 0.28 1.00
Average 0.83 2.39 2.51 0.36 1.05
Std. Dev. 0.15 0.51 0.60 0.10 0.12
Table 7.3: Strains 1 − 3 at first rupture (rup), t/s’ peak and q peak and their ratios
for Oxford clay shear tests (The averages exclude tests OA0005 and OA0005*)
an heavily over-consolidated soil fitting the critical state model. However, the higher
αf tests exhibited immediately brittle behaviour with q falling post-peak. As already
mentioned, the observed brittleness is not as dramatic as might be expected from the
literature.
First rupture always preceded the peak t/s’ and q conditions (see Table 7.3). First
rupture usually occurred with 1 − 3 less than 1%, at about 30-40% of the strains
required to reach the t/s’ peak. The strains at peak t/s’ were chosen as the reference
condition in Table 7.3 as they are more clearly defined than those at peak q. The latter
is difficult to define when the behaviour is very ductile. The two exceptions are again
OA0005 and OA0005* whose peak t/s’ values preceded first rupture. This reflects their
tensile failure: reaching peak t/s’ of 1 (e.g. σ′θ ≤ 0) triggered the strain localisation. In
these cases, the tension condition probably provoked premature failure at lower strains
than those required to fail the samples in shear.
After accounting for the special cases of OA0005 and OA0005*, there is no apparent
trend in the variation of strain at failure with αf for the other four tests. The strain
levels at peak appear unaffected by the orientation of the principal stress axis. The
strains at first rupture, peak t/s’ and peak q show small variation in each case (see
Figure 7.8 and Table 7.3).
It is also interesting to consider the strain increment directions developed at Su. The
direction of principal plastic strain increments should coincide with the principal stress
directions for an isotropic perfectly plastic material. Stiff clays are often modelled as
being elasto-plastic with the axes of plastic strains and stresses being co-axial. In the
present case, it is assumed that the strains are predominantly plastic at failure, and that
the directions recorded represent that of the plastic strains. In the HCA, the direction
of the major principal strain increments can be represented by its angle with respect to
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Test αpeak βd(peak)
Reference [Degree] [Degree]
OA0005 0 0
OA2305 22 21
OA4505 43 43
OA6705 69 48
OA9005 90 85
OA0005* 0 0
OASS 57 45
Table 7.4: Comparison of the directions of major principal strain increment and major
principal stress at peak q for Oxford clay
the vertical βd, where βd is defined as:
βd =
1
2
tan−1
(
∆γzθ
∆z −∆θ
)
(7.3)
βd can be compared with the direction of σ1 at failure, α. As illustrated in Figure 7.4
and Table 7.4, for Oxford clay, αpeak and βd(peak) almost coincide for αf ≤ 45◦ but
diverge significantly at higher values, especially in tests OA6705 and OASS.
7.1.3 Strain localisation and failures modes
Possible failure mode in torsion
Nishimura (2006) identified five idealised failure modes for a perfectly plastic cylinder
subjected to torsion. They are briefly presented below and illustrated in Figure 7.9.
Local stress re-orientation In this mode, failure is initiated on a inclined planar
surface, usually a plane of weakness. However, stress redistribution then occurs in
the vicinity of the plane, triggering the development of secondary failure planes in
the horizontal direction in the intact material (see Figure 7.9(a)). The mechanism
is the same as the generation of Riedel shear planes near a fault.
Planar failure with bending Torsion induced bending of the specimen, asso-
ciated with the developments of an inclined failure plane. The mechanism is of
plastic deformation associated with a rotation movement of rigid body on the plane
(see Figure 7.9(b)).
Spiral The failure plane develops diagonally on a zθ plane, which appears as a
spiral on the outer surface (see Figure 7.9(c)).
Wedge failure This is a combination of the first two modes. Multiple inclined
failure planes form a wedge, allowing torsion of the sample via the movements of
the wedge as a rigid body (Figure 7.9(d)).
Horizontal failure planes Failure develops on a horizontal plane, leading to the
rotation of two rigid bodies against each other (Figure 7.9(e)). It is a special sub-
case of the planar failure where bending is not required.
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In practice, the HCA failure modes tend to be more complex. However, they can be
classified based on what is estimated to be the predominant mode of failure among the
five defined above.
Failure modes
The discontinuities of the natural material were recorded before testing, just as the
pattern of developing shear bands were noted during and after shearing. The natural
discontinuities were obtained by careful observation of the outer membrane surface using
a drawn grid as a reference at the beginning of each tests. The shear bands were logged
by enveloping the outer wall of the sample with a transparent plastic sheet at the end
of shearing. The shear bands were then traced over on the sheet.
The two records are presented for the seven main tests of Oxford clay in Figure 7.10,
7.11 and 7.13. A summary of the predominant failure mechanism and shear planes
properties is given in Table 7.5. Figure 7.12 compares the inclination of the observed
shear bands with that of the natural fissures and of the planes of maximum stress
obliquity at failure. The tests are separated in two groups below.
Torsional tests Tests OA4505, OA6705 and OASS, which involved torsional shear,
mainly failed along a single horizontal to sub-horizontal plane, generally undulating
between 0− 10◦. Displacements were highly concentrated on such planes, with little
strain observed anywhere else in the sample as illustrated by the case of OA4505 in
Figure 7.10. The main post-rupture failure mechanism involved two rigid blocks rotating
against each other. The plane of failure, or major parts of the plane, always corresponded
to a natural fissure or bedding features, and rupture initiated on this feature. In the
case of OASS, a second sub-horizontal failure plane appeared subsequently, leading to
the movement of three rigid blocks. However, the displacements concentrated mainly
on the first plane. As mentioned in Chapter 5, and illustrated in Figure 7.10, 7.11
and 7.13, the main sets of discontinuities in Oxford clay are horizontal to sub-horizontal
bedding planes. These features clearly dominate the behaviour of samples sheared with
mid-range αf values.
Test OA2305 showed very different trends. Rupture initiated on sub-horizontal bed-
ding planes as with the other tests involving torsion. However, rupture did not propagate
along those planes. Instead a spiral failure surface formed in a completely separate place.
This behaviour is explained by looking at the orientation of the planes of maximum stress
obliquity on Figure 7.12. If a Mohr-Coulomb failure criterion is considered, then the fail-
ure planes correspond to the planes of maximum stress obliquity. In the case of tests
OA4505, OA6705 and OASS, one of the planes of maximum stress obliquity was inclined
within about 15◦ to the horizontal (see Figure 7.12). There is quasi coincidence between
the plane of maximum stress obliquity and the bedding planes. The rupture propagates
easily along those planes. However, for OA2305, the inclinations between the planes of
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Test A B Predominant failure mechanism
Reference
OA0005 8 8 Tension cracks and multiple inclined shear bands
OA2305 4 8 Initiate on a fissure and then form a separate spiral
OA4505 4 4 Single sub-horizontal plane with two rigid blocks movements
OA6705 4 4 Single sub-horizontal plane with two rigid blocks movements
OA9005 4 4 Wedge failure with displacement concentrated on one of the planes
OA0005* 8 8 Tension cracks and multiple shear bands
OASS 4 4 Two sub-horizontal planes creating three rigid blocks movements
A: Did rupture initiated on natural discontinuities?
B: Are natural discontinuities involved in the main failure mechanism?
Table 7.5: Predominant failure mechanisms for each test of Oxford clay
maximum stress obliquity and the near horizontal bedding planes were always greater
than 30◦. The propagation of rupture on the bedding planes was not favourable in this
case and a new spiral failure plane appeared instead (see Figure 7.12).
Axial compression and extension tests The tests conducted at α = 90◦ differed
from those at 0◦. In test OA9005, rupture started on a near horizontal bedding feature
which had opened during preparation due to stress relief. This joined up to an other
bedding feature to form a wedge. Necking also developed at the wedge, with shear
displacement concentrating on the inclined surface, whose inclination was close to the
plane of maximum stress obliquity as presented in Figure 7.12. It is interesting to note
that the two trial tests performed in extension, OT9005a and OT9005b, failed with
the exactly same mechanism, forming a wedge between natural bedding features. The
inclination of the oblique plane varied from 20 to 30◦. As with the torsional case, the
behaviour in extension is governed by the high density of bedding features, making it
reproducible.
The two tests in compression, OA0005 and OA0005*, exhibited the same failure
mechanism. Initial deformation started as bulging in the upper part of the sample until
radially orientated vertical cracks appeared at the top and bottom of the bulge. This
confirms the role of the tensile circumferential effective stress in the triggering of strain
localisation. Steeply inclined shear bands then propagated to join the cracks, forming a
final sawtooth pattern. When α = 0◦, σ′3 = σ′θ. Consequently, tension is applied the θ
direction when σ′3 falls below zero, leading to the formation of tension cracks along z-r
planes as shown in Figure 7.14. In this case the behaviour is not associated with any of
the natural features present in the soil.
Relationship with mechanical properties
The modes of failure and their relationship to soil structure explain the mechanical
properties observed in previous sections. For α > 23◦, the failure modes are dominated
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by the planes of weakness in the samples, that is the bedding features. This results in the
approximately constant, and low, strains associated with first rupture. Tests shearing
along one single horizontal bedding surface give the lowest strength in terms of effective
stress ratio (q/p’ or t/s’). It is noteworthy that the peak angle of shearing resistance φ′p
of those tests, at 30− 35◦ are much higher than the residual value (φ′r ≈ 10◦) obtained
from ring shear tests on both reconstituted and natural Oxford clay (Narayana, 2010;
Cunliffe, 2010). This is in agreement with the observation that the bedding planes did not
appear to have experienced shearing in the past but have a structure that can be easily
parted, making them planes of weakness (see Chapter 5). While OA2305 also initiated its
rupture on a discontinuity at relatively low strains, its main failure mechanism switched
to develop a newly formed shear features, leading to a higher strength. Finally, in the
axial compression case, the tensile stress state triggered the first rupture in the forms of
tension cracks which later combined with steep shear planes. The soil failed in a mixed
mode of tension and shear failure.
It should be noted that none of the samples contained any vertical or sub-vertical
fissures, although Wilkinson et al. (2011) reported their presence on site. This due to
the ratio of the block sample width (30 cm) to the spacing of the vertical fissures (1 m).
Also, the difficulties of manipulating samples with vertical fissures meant that any such
specimens were eliminated from the study. One of the attempted block during sampling
contained such a fissure and could not be completed for this very reason. As seen in
Figure 7.12, in many tests one of the planes of maximum stress obliquity was orientated
sub-vertically. Based on previous observations, it seems reasonable to postulate that
the presence of any sub-vertical fissures would have modified the failure mechanisms in
these cases and probably modified their peak strength. The field strength anisotropy of
the soil could be modified by any such features.
7.1.4 Comparison with triaxial tests
The effective stress paths followed in tests OA0005, OA0005* and OA9005 are plotted on
Figure 7.15 in t-s’ space, along with two trial tests OT90005a and OT90005b. Figure 7.15
also presents the effective stress paths for Oxford clay samples sheared at similar stress
level in 38 mm and 100 mm triaxial cells by Hosseini Kamal (2012).
On the compression side, the triaxial tests appear to be also affected by the presence
of the no-tension line as with the HCA tests. An interesting case is the triaxial test
swelled to a very low effective stress level before being sheared. This test reached the
no-tension line and then followed it upwards, leading to a higher peak Su than for the
HCA test at α = 0◦. In a triaxial apparatus, it is impossible to apply negative lateral
effective stresses. Therefore, the effective stress path followed the no-tension line until
an another rupture mechanism was triggered. In the HCA case, tensile stresses were
applied in the θ direction, effectively triggering rupture in tension, reducing the Su value.
The triaxial test could overestimate the field Su significantly in cases where negative σ
′
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could develop in the field. The test paths considered here are situated very close to
the intersection between the no-tension line and the shear failure envelope obtained by
Hosseini Kamal (2012) (see Figure 7.15). This means that abrupt change in strength in
terms of stress ratio t/s’ is recorded while the difference in initial effective stress levels
may be small: some tests failed along the no-tension line, leading to over-estimation
of the strength for triaxial tests, while others at slightly higher effective stresses are
affected by the shear failure envelope. These features make it difficult to compare the
HCA and triaxial strength in compression. However, it would be natural to expect the
b=0.5 shear strengths in the HCA to be higher in tests where tensile failure does not
influence the results (see Chapter 2).
The three HCA tests performed at αf = 90
◦ (OA9005, OT9005 a and b) indi-
cate a curved peak strength envelope that is slightly stronger than that obtained by
Hosseini Kamal (2012) from triaxial extension tests. To study the possible effects of
the apparatus employed on the London clay response, Nishimura (2006) performed the
same test in the HCA and in a 38 mm triaxial cell. Samples of London clay from the
same site and depth were sheared from their in-situ stresses at α = 90◦ and b = 1. Good
agreement was observed between the strengths obtained in the different apparatuses.
This suggests that the higher strength recorded in the present study may be an effect
of the different b values used in each test. This is consistent with Nishimura (2006)’s
observation of decreasing (q/p′)peak as b increases from 0.5 to 1 based on tests on Lon-
don clay. However, in the absence of a similar check in the present study, the question
remains open.
Keeping the previous remarks in mind, the possible b effects can be estimated by
looking at the strength in the deviatoric plane from HCA and triaxial tests at similar
stress levels along with a variety of existing models fitted to the triaxial compression
tests from Hosseini Kamal (2012) (see Figure 7.16). Those models are all isotropic and
do not consider the variation of strength with α at a given b value. In practice, it is
likely that the b-effect varies with α values, and therefore only values at a given α can
be compared. For α = 0◦, it is hazardous to make any comparison due to the presence
of the no-tension line which biases the results as explained above. At α = 90◦, the
difference in strength appears limited between triaxial extension and test at b = 0.5.
In Figure 7.17, the Mohr’s circles at peak t/s’ are plotted against the failure envelopes
obtained by Hosseini Kamal (2012). An interesting point is that the peak strengths of
the weakest tests, OA4505, OA6705 and OASS, lay close to the post-rupture envelope
from triaxial tests. As noted, those tests failed along horizontal bedding features, and
this suggests that the strength along of the beddings is similar to the post-rupture
strength. This is an other indication that little or no shear displacement has occurred
on those discontinuities. It also explains the absence of brittle behaviour in those tests.
Surprisingly, while OA9005 also failed along natural discontinuities, its peak strength is
closer to the peak envelope of the triaxial tests.
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Figure 7.1: Variation of the deviatoric stress q with strain level 1 − 3 for Oxford clay
tests during shear at constant αdσ
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Figure 7.2: Variation of the stress ratio t/s’ with strain level 1− 3 for Oxford clay tests
during shear at constant αdσ
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Figure 7.6: Effective stress paths of Oxford clay tests in t-s’ space
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Figure 7.7: Failure envelopes in τzθ-(σz − σθ)/2 space normalized by s’ for Oxford clay
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(a) Local stress re-orientation (b) Planar failure with bending (c) Spiral
(d) Wedge failure (e) Horizontal shear plane
Figure 7.9: Possible modes of failure for a perfectly plastic cylinder tested in torsional
shear (modified from Nishimura (2006))
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Figure 7.10: Left hand side: Macro-structure (including discontinuities and inclusions)
obtained by visual inspection prior to testing, Right hand side: Shear band patterns at
the end of shearing
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Figure 7.11: Left hand side: Macro-structure (including discontinuities and inclusions)
obtained by visual inspection prior to testing, Right hand side: Shear band patterns at
the end of shearing
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Figure 7.12: Inclinations of the natural fissures, shear bands and planes of maximum
effective stress obliquity τn/σ
′
n (between first rupture and peak) with respect to the
horizontal for Oxford clay tests
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Figure 7.13: Left hand side: Macro-structure (including discontinuities and inclusions)
obtained by visual inspection prior to testing, Right hand side: Shear band patterns at
the end of shearing
Figure 7.14: Close-up of a vertical tension crack (indicated by the dash line) observed
on the outer surface of the sample in test OA0005
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Figure 7.15: Effective stress paths in t-s’ of undrained shear tests in HCA (αf = 0
◦
and 90◦) and triaxial apparatus (Hosseini Kamal, 2012) and peak strength envelopes
obtained from triaxial tests (Hosseini Kamal, 2012)
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Figure 7.16: Stress states in the deviatoric plane at peak t/s’ for HCA and triaxial tests
(Hosseini Kamal, 2012) sheared from similar effective stress levels
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Figure 7.17: Mohr circles at peak t/s’ for HCA tests and strength envelopes from triaxial
tests (referred as TX) by Hosseini Kamal (2012)
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7.2 Kimmeridge clay
Seven HCA tests were performed in total on the Kimmeridge clay (see Table 5.4 on
page 195 in Chapter 5). Six were conducted in the Mark II ICHCA, sheared at b=0.5
and different αdσ values. One simple shear test (KASS) was performed in the ICRCHCA.
The group of six tests included one trial experiment, KT9005. The sample for this test
came from a lower depth than the other 5 samples, at 8.5 m, and has been shown to
present a very different behaviour in Chapter 6.
7.2.1 Stress-strain behaviour
The stress strain behaviour for Kimmeridge clay is presented first in terms of q against
1 − 3 in Figure 7.18. The pre-rupture stages are shown as thicker lines on the plot.
As with Oxford clay, first rupture preceded the peak q condition in all tests. In most
of the tests, the overall behaviour appears ductile with little strain softening, and the
peak q is not always clearly discernible. This is consistent with Hosseini Kamal (2012)’s
observation of a ductile behaviour at low effective stress levels in triaxial tests. Only
KASS and KA9005 exhibit some post-peak softening with q reducing by 5-10 %.
As already observed with its pre-failure behaviour, the sample KT9005 responded
differently from the other tests. Here, it shows much higher strength than the others
(and in particular test KA9005), with its first rupture and peak q coinciding.
The evolution of stress ratio t/s’ with strain is presented in Figure 7.19. As with
Oxford clay, first rupture tends to precede peak t/s’. Once again, KT9005 sets itself
apart with an early peak t/s’ and a pronounced reduction in t/s’ post peak of about 30
%. The other samples experienced little post-peak softening in t/s’ with reduction no
greater than 10 %. Their final t/s’ ratios fell in a fairly narrow band between 0.55 and
0.65. This corresponds to a φ′ range of 33− 40◦ which is much higher than the residual
values φ′r of 6 and 8◦ obtained from ring shear tests on reconstituted and natural material
respectively (Cunliffe, 2010; Narayana, 2010).
Overall, both in terms of q and t/s’, the material appears relatively ductile at the
strain range considered during HCA tests.
7.2.2 Strength anisotropy
Variation of t/s’ with major principal stress orientation
The variation of peak stress ratio t/s’ with the orientation of principal stress at failure
αf is presented in Figure 7.20. There is very little variation with αf , as highlighted
by the very low standard deviation (0.02) from the mean value given in Table 7.6.
This corresponds to the behaviour expected from various non-cohesive isotropic models
based on stress invariants and effective stress level, such as the Mohr-Coulomb or Lade
& Duncan (1975) models. In this type of model, for a given b value, the shear strength
in terms of effective stress ratio is independent of α since the failure criterion is only
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Test αrup (t/s
′)rup αpeak (t/s′)peak (t/s′)peak/ (t/s′)rup/
Reference [Degree] [kPa] [Degree] [kPa] (t/s′)peak0 (t/s′)peak
KA0005 0 0.63 0 0.64 1.00 0.99
KA2305 22 0.61 21 0.63 0.99 0.96
KA4505 43 0.57 41 0.64 1.00 0.89
KA6705 66 0.57 63 0.66 1.03 0.87
KA9005 90 0.57 90 0.64 0.99 0.90
KT9005 90 0.64 90 0.65 1.02 0.98
KASS 53 0.57 52 0.65 1.01 0.88
Average 0.59 0.64 0.92
Std. Dev. 0.03 0.01 0.05
Table 7.6: Values of α and t/s’ at first rupture (rup) and peak t/s’ for Kimmeridge clay
(when uncertainties exist for first rupture, average values were taken)
based on stress invariants which do not take into account the orientation of the applied
stress state.
This behaviour is also visible on Figure 7.21 presenting the failure envelope in τzθ-
(σz−σθ)/2 space normalised by s’. In the aforementioned models, the failure envelope is
a circle centred on the origin. As shown in Figure 7.21, the peak failure envelope is well
fitted by such a circle, reflecting the constant stress ratio with αf . An interesting case
is that of test KASS: while the b value at failure (0.44) is slightly different than the 0.5
imposed in the other tests, its shear strength is similar to them. Overall, Kimmeridge
clay does not exhibit significant shear strength anisotropy in terms of peak stress ratio.
The t/s’ ratios at first rupture coincide with the peak value at αf of 0
◦ and 23◦ but
the ratio (t/s′)rupture/(t/s′)peak decreases to 0.9 for the other three tests (see Table 7.6).
So first rupture and peak value are very close, and first rupture only just precedes it.
This variation leads to a non-circular shape of the first rupture envelope in Figure 7.21.
Variation of Su with major principal stress orientation
Variations of Su with αf are presented in Figure 7.22. The Su values increase systemat-
ically with αf , Su at 90
◦ being about 1.75 times the 0◦ one, as given in Table 7.7. The
behaviour is relatively well fitted by the sinusoidal shape proposed by Bishop (1966).
Figure 7.23 presents the failure envelope in τzθ-(σz−σθ)/2 space at peak q, peak t/s’
and first rupture. It is clear in Figure 7.23 that the difference between Su and q/2 at peak
t/s’ is negligible. Therefore, the increase in q is very limited once the maximum stress
ratio is reached. Based on the latter observation and the constant t/s’ ratio observed
above, it becomes apparent that the variation of Su with αf depends principally on the
pre-failure behaviour. The inclinations of the effective stress paths determine the mean
effective stress p’ upon reaching (t/s′)peak and therefore the Su value. This is illustrated
in Figure 7.24 presenting the stress path in t-s’ space.
As explained in Chapter 6, the inclination of the effective stress paths is linked to
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Test αrup trup αpeak Su Su/Su0 trup/Su
Reference [Degree] [kPa] [Degree] [kPa] – –
KA0005 0 93 0 100 1.00 0.94
KA2305 22 85 21 97 0.98 0.88
KA4505 43 97 40 126 1.26 0.77
KA6705 66 118 63 161 1.62 0.73
KA9005 90 134 90 175 1.75 0.76
KT9005 90 216 90 217 2.18 0.99
KASS 53 105 53 151 1.51 0.70
Average 121.19 146.72 0.82
Std. Dev. 44.75 42.90 0.11
Table 7.7: Values of α and t = q/2 at first rupture (rup) and peak q for Kimmeridge
clay (when uncertainties exist for first rupture, average values were taken) Su0: Su at
αf =0
◦
the pre-failure anisotropy of the soil and roughly matches the predictions made from
the cross-anisotropic elastic behaviour at very small strain. The inclination determines
whether the behaviour is ‘dilative’ (reduction in pore water pressure) or ‘compressive’
depending on the αf value. This leads to increasing p’ (and s’) at failure with αf . The
anisotropy in Su is a reflection of the pre-failure anisotropy of Kimmeridge clay, and
appears to be influenced in particular by the small strain anisotropy.
The t values observed at first rupture follow a similar pattern to the Su trends
although with less drastic variation. This leads the ratio of (t)rupture/Su to decrease
with αf (see Table 7.7), in the same way as was observed for the stress ratio t/s’. The
two values coincide at low αf before diverging.
Strains at failure
The strains 1 − 3 mobilised at first rupture, peak t/s’ and peak q are presented in
Figure 7.25 with respect to αf and the corresponding numerical values are given in
Table 7.8. As noted in Section 7.2.1, the stress-strain behaviour is ductile, both in terms
of q and t/s’. Taking this into account, the strains at ‘failure’ in these two cases are
defined as the strain at which q or t/s’ first becomes practically constant, based on visual
interpretation of the stress-strain curves. While some subjectivity is involved and the
values could vary between observers, the general trends are clear.
First rupture preceded peak t/s’ and peak q, except in test KA0005 in which all
these conditions roughly coincided. For the other four tests sheared at constant αdσ, the
strains at first rupture fall between 2 – 3 %, independently of αf , as with Oxford clay.
The strains at first rupture in those four tests are about half of those at peak t/s’.
For the five tests sheared at constant αdσ, the strains at peak t/s’ scatter around an
average of about 5 %. For α ≤ 23◦, peak t/s’ and q coincide. For larger α, the peak q
strain becomes slightly higher.
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Test 1 − 3 [%] at Ratios of 1 − 3
Reference 1strup (t/s′)peak qpeak 1strup/(t/s′)peak qpeak/(t/s′)peak
KA0005 4.61 4.93 5.42 0.94 1.10
KA2305 2.87 5.09 4.79 0.56 0.94
KA4505 2.48 4.77 6.94 0.52 1.46
KA6705 2.62 5.56 7.31 0.47 1.32
KA9005 2.37 4.26 5.94 0.56 1.39
KT0005 2.60 1.40 2.24 1.86 1.60
KASS 1.59 3.81 4.53 0.42 1.19
Average 2.39 4.70 5.90 0.51 1.26
Std. Dev. 0.48 0.68 1.24 0.06 0.20
Table 7.8: Strains 1 − 3 at first rupture (rup), t/s’ peak and q peak and their ratios
for Kimmeridge clay shear tests (The averages exclude tests KT9005)
Test αpeak βd(peak)
Reference [Degree] [Degree]
KA0005 0 1
KA2305 21 21
KA4505 40 34
KA6705 63 48
KA9005 90 86
KT9005 90 89
KASS 53 45
Table 7.9: Comparison of the directions of major principal stress and major principal
strain increments at peak q for Kimmeridge clay
However, the KASS test required about 1 % less strain than the other HCA tests on
Kimmeridge clay to reach first rupture, peak t/s’ and peak q conditions.
Again, it is interesting to look at the principal strain increment directions (βd) in
relation to the principal stress directions (α). In some cases, the α and βd at peak q
diverge indicating non co-axial behaviour (see Figure 7.23 and Table 7.9). As with Ox-
ford clay, the divergence is most marked in tests that applied large τzθ stresses (KA4505,
KA6705 and KASS). The other tests (KA0005, KA2305 and KA9005) showed co-axial
behaviour.
7.2.3 Strain localisation and failures modes
For Kimmeridge clay, it was intended to test samples with nominal diameters of 100 mm
in the Mark II ICHCA. In practice, the initial diameter of the rotary cored samples
varied from 97 to 105 mm. In some cases, it was therefore not possible to smooth the
outer surface of the sample, as it was already below the desired diameter. This led to
rough sides that increased the difficulty of discerning the natural discontinuities in the
sample. The accuracy of their recording is therefore lower for Kimmeridge clay than
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with the other soils.
Failure modes
Natural discontinuities and strain localisation patterns are presented for each test in
Figures 7.26 and 7.27. Very few discontinuities were discernible on the outer surface of
the samples. While fissures are most likely present in the samples (see Section 3.2 in
Chapter 3), it is difficult to determine whether the failure mechanism initiated or/and
involved natural discontinuities in the Kimmeridge clay case. Only conjectures can be
made by comparing the inclination of the shear bands with that of natural fissures
observed in other samples at similar depths. Three main types of failure mechanism
were observed in Kimmeridge clay samples (excluding the trial test KT9005) which are
presented below and summarised in Table 7.10.
Spiral mechanism Spiral failure were observed in three tests (KA2305, KA4505 and
KA9005) and consisted of a main helix as highlighted in Table 7.10. While the slope of
the spiral varied along its length, it can be observed in Figure 7.28 that in most cases it
was very close to the inclination of one of the maximum effective stress obliquity planes.
In the case of KA4505 and KA9005, the range of spiral inclination also covers the dip
of some natural fissures (see Figure 7.28). The spirals were usually complemented by
another set of shear planes: sub-horizontal in the case of KA9005 and sub-vertical for
KA2305 and KA4505. In the latter case, the orientation of the sub-vertical set roughly
coincided with the direction of the second set of maximum stress obliquity planes as well
as some natural fissures (see Figure 7.28).
Horizontal plane mechanism The second type of failure observed is that of strain
localisation on horizontal to sub-horizontal planes, similar to Oxford clay. It tends to
dominate in tests applying large τzθ where one of the planes of maximum stress obliquity
at first rupture was fairly close to the horizontal, that is tests KA6705 and KASS (see
Figure 7.28). The horizontal features observed in Section 3.2 of Chapter 3 may be
involved with or even dominate the failure mechanism in this case. While KA4505 is
classified has a primarily spiralling failure, its mechanism was intermediate between the
spiral and the sub-horizontal plane cases. Its low angled spirals were close to being
sub-horizontal. Contrary to the Oxford clay where a single shear plane predominated,
strain localisation was rather distributed over two to three shear planes in the case of
Kimmeridge clay.
Multiple steeply inclined shear bands Finally, test KA0005 is an outlier test. It
presented steeply inclined strain localisation planes that run parallel to or across each
other. They formed a similar sawtooth pattern to that observed with Oxford clay,
although there was no trace of tension cracks in this case. The dip of the shear bands
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Test A B C Predominant failure mechanism
Reference
KA0005 8 8 8 Multiple inclined shear band in sawtooth pattern
KA2305 8 8 8 Spiral coupled with sub-vertical planes
KA4505 8 8 4 Multiple spirals coupled with sub-vertical plane
KA6705 8 8 4 Sub-horizontal shear planes
KA9005 8 8 4 Spiral coupled with sub-horizontal planes
KT9005 8 8 8 Wedge failure
KASS 8 8 4 Sub-horizontal shear planes
A: Did rupture initiated on natural discontinuities?
B: Are natural discontinuities involved in the main failure mechanism?
C: Are shell beds involved in the main failure mechanism?
Table 7.10: Predominant failure mechanisms for each test on Kimmeridge clay
corresponded on the inclination of some set of natural fissures whose inclinations were
also close to that of the planes of maximum effective stress obliquity (see Figure 7.28).
Relationship with mechanical properties
Based on the previous observations several general points emerge regarding the behaviour
of Kimmeridge clay. First, deformation was relatively uniform until large strains, as
highlighted by the large strains at first rupture in Table 7.8. When strain localisation
did occur, several main shear bands appeared and displacement was usually distributed
evenly among those. This led to limited displacement on any single plane, as illustrated
in Figures 7.26 and 7.27. This mode of failure probably explains the observed ductile
behaviour and lack of brittleness.
Secondly, there are uncertainties concerning the effect of natural fissures and joints. It
is unlikely that the spiral failure mechanisms in tests KA2305, KA4505 and KA9005 were
dominated by natural fissures, as its geometry does not match that of natural fissures (see
Section 7.4 below for further discussion). In the case of the other two mechanisms (tests
KA0005, KA6705 and KASS), natural discontinuities may have affected the behaviour
based on the observed natural fissure pattern, as noted in the paragraph above and
illustrated in Figure 7.28. However, even if they were involved, they do not appear to
have reduced the effective strength φ′ in those tests in the way observed for Oxford
clay. This is consistent with the difficulties encountered to detect fissures in the HCA
samples: any fissures present were closed and were not planes of weakness, so that they
were neither discernible from visual inspection nor from failing during specimen handling
and cutting. If the natural discontinuities did not dominated the failure mechanism,
they may have locally contributed, as with the spiral cases. In this case, the presence of
natural discontinuities may have lower the soil strength independently of the αf .
Another natural feature that appears to relate to the failure mechanism are the shell
beds. Indeed, whenever they are present, some parts of the strain localisation involved
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those beds. However, they do not appear systematically to be planes of weakness either.
For example, KA6705 included a pervasive bed of shells that bisected the whole sample
horizontally. This horizontal discontinuity would have been ideally oriented for a shear
plane development in a test at αf = 67
◦. Yet, the recorded failure mechanism completely
failed to exploit it as illustrated in Figure 7.26(h).
Overall, there does not seem to be any clear effect of natural discontinuities or
inclusions on the strength. This may be linked to the ductile behaviour, with strain
localisation spreading out over multiple sets, with limited displacement on those even
at large strains. As observed in the previous paragraph, the failure mechanism may be
dictated by the correspondence between the inclination of natural fissures and that of
the planes of maximum stress obliquity.
7.2.4 Comparison with triaxial tests
The effective stress paths of KA0005, KA9005 and KT9005 are plotted on Figure 7.29 in
t-s’ space, along with the comparable triaxial tests conducted at similar effective stress
levels (Hosseini Kamal, 2012). The corresponding triaxial failure envelopes obtained by
Hosseini Kamal (2012) are also presented on the figure. The HCA tests conducted at
b=0.5 present higher strengths, both in terms of stress ratio and Su. This effect is more
pronounced in extension than in compression. This is also highlighted in Figure 7.30
which presents the Mohr circles at peak t/s’ with peak and post-rupture failure envelopes
by Hosseini Kamal (2012). There are several possible explanations for this difference.
First, most of the tests by Hosseini Kamal (2012) were performed on samples from
slightly shallower depth (9− 10 m BGL) than the HCA series (11− 12 m BGL). The
difference in strength may be due to a difference in the material itself, as highlighted
in the stratigraphic profile in Figure 3.29 in Chapter 3. However, the one 11.20 m deep
sample tested by Hosseini Kamal (2012) in triaxial compression did not exhibit much
higher strength than the other shallower samples, suggesting that this is not the primary
reason.
Secondly, as with Oxford clay, the difference in shear strength may be an effect
of the b values. Again, this can be considered in the deviatoric plane with the help
of various models as set out in Figure 7.31. If it is assumed that the difference is
solely due to b, the strength obtained at b=0 and 0.5 are quite consistent with the
model proposed by Lade & Duncan (1975) when calibrated based on triaxial compression
results. However, the strengths from triaxial extension are much lower than predicted
by the model. Time restrictions prevented any further study of the effect of b on the
shear strength of Kimmeridge clay.
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Figure 7.18: Variation of the deviatoric stress q with strain level 1− 3 for Kimmeridge
clay tests during shear at constant αdσ
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Figure 7.19: Variation of the stress ratio t/s’ with strain level 1 − 3 for Kimmeridge
clay tests during shear at constant αdσ
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Figure 7.20: Variation of the peak t/s’ and t/s’ at first rupture with αf for Kimmeridge
clay tests
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Figure 7.22: Variation of the undrained strength Su and of q/2 at first rupture with αf
for Kimmeridge clay tests
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Figure 7.24: Effective stress paths in t-s’ space for Kimmeridge clay
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Figure 7.25: Variation of strain level 1− 3 at peak q, t/s’ and first rupture with αf for
Kimmeridge clay
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Figure 7.26: Left hand side: Macro-structure (including discontinuities and inclusions)
obtained by visual inspection prior to testing, Right hand side: Shear band patterns at
the end of shearing
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Figure 7.27: Left hand side: Macro-structure (including discontinuities and inclusions)
obtained by visual inspection prior to testing, Right hand side: Shear band patterns at
the end of shearing
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Figure 7.28: Inclinations of the natural fissures, shear bands and planes of maximum
effective stress obliquity τn/σ
′
n (between first rupture and peak) with respect to the
horizontal for Kimmeridge clay tests
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Figure 7.29: Effective stress paths in t-s’ of undrained shear tests in HCA (αf= 0
◦
and 90◦) and triaxial apparatus (Hosseini Kamal, 2012) and peak strength envelopes
obtained from triaxial tests (Hosseini Kamal, 2012)
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Figure 7.30: Mohr circles at peak t/s’ for HCA tests and strength envelopes from triaxial
tests (referred as TX) by Hosseini Kamal (2012)
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Figure 7.31: Stress states in the deviatoric plane at peak t/s’ for HCA and triaxial tests
(Hosseini Kamal, 2012) sheared from similar effective stress levels
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7.3 Gault clay
Seven tests were performed on Gault clay in the ICRCHCA: six samples were sheared
at constant p, b and αdσ values, and the last one was a simple shear test, GASS (see
Table 5.5 on page 195 in Chapter 5). In test GA2305*, the shearing stage at constant
αdσ was interrupted by a power cut. This triggered the loss of all the pressures applied
to the sample. The test had to be repeated (GA2305), but the results of GA2305* are
presented up to the point where the incident occurred (1 − 3 ≈ 4 %).
7.3.1 Stress-strain behaviour
The stress-strain curves are shown in terms of deviatoric stress q in Figure 7.32. As
with Kimmeridge clay, the behaviour observed is ductile. Test GA6705 is the only
one presenting a post-peak reduction, which is limited to about 10 %. This lack of
brittleness was also noted in triaxial tests conducted at similar effective stress levels
(Hosseini Kamal, 2012). The onset of strain localisation is indicated on the plot. First
rupture clearly preceded peak q in all cases, with strain localisation being recorded
relatively early, below 2 % of 1 − 3.
Similar observations can be made for the stress-strain behaviour in terms of effective
stress ratio t/s’ as illustrated in Figure 7.33. Very little post-peak softening occurred in
most tests, only about 10-15 % maximum reduction in tests GA0005 and GA6705. The
final stable values of t/s’ ranged from 0.5 to 0.7, corresponding to φ′ of 30− 45◦. As
with the other soils, this range is much higher than the residual φ′r (of ≈ 10◦) obtained
from ring shear tests on natural and reconstituted material (Cunliffe, 2010; Narayana,
2010). This is not surprising as it is unlikely that the maximum strains attainable in
the HCA (about 10 % axial or shear strains) are sufficient to induce the re-alignment of
the platy particles. First rupture preceded the peak t/s’ in all tests except for GA0005,
in which uncertainties remain concerning the strains at first rupture.
It is interesting to compare the curves of tests GA2305 and GA2305*. Only slight
discrepancies are noticed between the two stress-strain curves in terms of q. Those
most likely reflected the higher initial stiffness observed in test GA2305* as noted in
Chapter 6. However, the difference is not significant and it appears that the Su and
peak t/s’ values of GA2305* would have been similar to GA2305 had the former test
been completed successfully. The results suggest again a generally good repeatability
for this test.
7.3.2 Strength anisotropy
Variation of Su with major principal stress orientation
The variations of Su and t = q/2 at first rupture with α are presented in Figure 7.34.
As with the other soils, the highest Su is obtained with αf = 90
◦. The difference is
less marked in this case, with the strength at 90◦ being only 1.2 times that at 0◦ (see
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Test αrup trup αpeak Su Su/Su0 trup/Su
Reference [Degree] [kPa] [Degree] [kPa] – –
GA0005 0 86 0 106 1.00 0.81
GA2305 23 74 21 104 0.98 0.72
GA4505 43 73 39 94 0.89 0.77
GA6705 67 96 65 112 1.06 0.85
GA9005 90 90 90 126 1.19 0.71
GA2305* 25 62 20 115 1.09 0.54
GASS 55 66 53 99 0.93 0.66
Average 77.89 108.07 0.72
Std. Dev. 12.67 10.79 0.10
Table 7.11: Values of α and t = q/2 at first rupture (rup) and peak q for Gault clay
(when uncertainties exist for first rupture, average values were taken) Su0: Su at αf =0
◦
Table 7.11). Once again, this is most likely an effect of the pre-failure dilatancy observed
in ‘axial extension’ tests (αf = 67
◦ and 90◦) and related to the pre-failure anisotropy.
Lower strengths are observed for tests applying τzθ, the lowest being GA4505, while
GA0005 exhibits an intermediate strength.
This behaviour is also reflected in the failure envelope in τzθ-(σz − σθ)/2 space in
Figure 7.35. The envelope is well fitted by an ellipse with an aspect ratio of 1.2, high-
lighting the lower strength at intermediate αf . The ellipse’s centre is slightly displaced
towards the extension side ((σz − σθ)/2 =−10 kPa) due to the higher strength in that
direction.
As previously noted, first rupture always preceded peak. In both Figures 7.34
and 7.35 the shape of the first rupture envelope mirrors that for Su. For instance,
the aspect ratio of the fitted ellipse at first rupture is also around 1.2. This leads to a
rather well defined ratio of trup/Su of about 70 – 80 % as highlighted in Table 7.11. The
two exceptions are tests GASS and GA2305* which present slightly lower values.
Variation of t/s’ with major principal stress orientation
The variations of peak stress ratio t/s’ with αf are plotted in Figure 7.36. The highest
peak t/s’ is observed at α = 0◦. The ratio decreases with increasing α value, with a
slight upturn at 90◦. It also noteworthy that the peak t/s’ ratios all fell well below
the no-tension ratio of 1, so that the tests should not be affected by tension failure. In
τzθ-(σz−σθ)/2 space normalised by s’, this variation translates into an elliptic envelope,
as observed in Figure 7.37. The envelope is well fitted with an ellipse whose centre is
displaced towards the compression side due to the higher value in this direction. The
aspect ratio of the ellipse is identical to that obtained for Su (ratio of 1.2).
As with the peak Su, the variation of t/s’ at first rupture with αf follows the same
pattern as that for peak conditions. As presented in Table 7.12, the stress ratio at first
rupture is consistently about 80 % that at peak.
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Test αrup (t/s
′)rup αpeak (t/s′)peak (t/s′)peak/ (t/s′)rup/
Reference [Degree] [kPa] [Degree] [kPa] (t/s′)peak0 (t/s′)peak
GA0005 0 0.73 0 0.78 1.00 0.94
GA2305 23 0.57 21 0.67 0.86 0.86
GA4505 43 0.51 39 0.61 0.78 0.85
GA6705 67 0.52 65 0.56 0.72 0.93
GA9005 90 0.51 90 0.61 0.79 0.82
GA2305* 25 0.47 20 0.67 0.86 0.70
GASS 55 0.45 53 0.60 0.77 0.74
Average 0.54 0.64 0.83
Std. Dev. 0.09 0.07 0.09
Table 7.12: Values of α and t/s’ at first rupture (rup) and peak t/s’ for Gault clay (when
uncertainties exist for first rupture, average values were taken)
Test 1 − 3 [%] at Ratios of 1 − 3
Reference 1strup (t/s′)peak qpeak 1strup/(t/s′)peak qpeak/(t/s′)peak
GA0005 2.59 3.31 6.54 0.78 1.97
GA2305 1.49 4.55 9.45 0.33 2.08
GA4505 1.78 6.50 7.47 0.27 1.15
GA6705 1.61 4.32 4.58 0.37 1.06
GA9005 0.91 6.04 6.73 0.15 1.11
GA2305* 0.76 – – – –
GASS 0.86 5.10 5.60 0.17 1.10
Average 1.33 5.30 6.76 0.26 1.30
Std. Dev. 0.42 0.94 1.86 0.10 0.44
Table 7.13: Strains 1 − 3 at first rupture (rup), t/s’ peak and q peak and their ratios
for Gault clay shear tests (The averages exclude tests GA2305*)
Strains at failures
The strains 1 − 3 at first rupture, peak t/s’ and peak q conditions are presented as a
function of αf in Figure 7.39. The peak q and t/s’ conditions diverge at low αf (0
◦ and
23◦) but almost coincide at higher αf . However, in neither case does any clear trend
appear for strains to vary with αf . The lowest strain to peak q was recorded at αf =
67◦.
The strains at first rupture are also plotted on Figure 7.39. As with the other soils,
they appear to be fairly constant with α. They all fall between 1 to 2 % except for
the α = 0◦ value, as highlighted in Table 7.13. First rupture occurred at an 1 − 3 on
average about 25 % of that at peak t/s’.
The comparison of the direction of the principal strain increments βd at peak q with
α show a pattern similar to the other two clays (see Figure 7.35 and Table 7.14). The
strongest divergence from the co-axial plastic model is seen in tests where the applied
τzθ is most important, such as GA6705 and GASS. For the other tests, the stress and
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Test αpeak βd(peak)
Reference [Degree] [Degree]
GA0005 0 0
GA2305 21 18
GA4505 39 39
GA6705 65 53
GA9005 90 91
GA2305* 20 26
GASS 53 45
Table 7.14: Comparison of the directions of major principal strain increment and major
principal stress at peak q for Gault clay
strain increment directions almost coincided.
7.3.3 Strain localisation and failures modes
Failure modes
Figures 7.40, 7.41 and 7.43 present records of the natural discontinuities and shear band
patterns for each test. As with Kimmeridge clay, very few discontinuities were observed
on the outer surface of the samples. However, it is known from Chapter 3 that a high
density of fissures was probably present. The main sets of fissures recorded on split
samples from 10− 11 m depth were used as a reference to compare with the observed
shear bands and planes of maximum stress obliquity at failure on Figure 7.42. The
interpreted failure mechanisms are given in Table 7.15. As with Kimmeridge clay, three
main different mechanisms are observed.
Spiral mechanism Tests GA2305, GA4505 and GA9005 developed either one or sev-
eral spirals. When multiple spirals occurred, they run parallel to each other. The range
of inclinations for the spirals appears to bridge between one set of planes of maximum
stress obliquity and a set of nearby fissures as illustrated in Figure 7.42. As with Kim-
meridge clay, a secondary set of shear bands was observed in conjunction with the spirals.
In the case of GA2305, the inclination of this second set fell close to that of a set of
planes of maximum stress obliquity. This was not seen in the case of GA4505. GA9005
exhibited a failure mode which appears to fall between an inclined planar shear plane
and a spiral. As with the other two tests, the inclination of the plane/spiral crossed
over one set of planes of maximum stress obliquity and one set of fissure, as seen in
Figure 7.42.
Horizontal plane mechanism Three of the tests involving torsion (GA6705, GA2305*
and GASS) presented shear banding along horizontal to sub-horizontal planes. When the
sub-horizontal shear planes developed, displacements were highly concentrated on single
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Test A B Predominant failure mechanism
Reference
GA0005 4 8 Multiple shear bands, presence of sub-vertical cracks
GA2305 4 4 Multiple spirals coupled with sub-vertical planes
GA4505 4 8 Spiral coupled with sub-horizontal planes
GA6705 4 8 Single sub-horizontal plane with two rigid blocks movements
GA9005 4 8 Multiple inclined shear bands
GA2305* 8 8 Sub-horizontal planes with two rigid blocks movements
GASS 4 8 Sub-horizontal planes with two rigid blocks movements
A: Did rupture initiated on natural discontinuities?
B: Are natural discontinuities involved in the main failure mechanism?
Table 7.15: Predominant failure mechanisms for each test on Gault clay
horizontal shear planes, as with Oxford clay. Little local displacement was observed out-
side this zone, even if additional shear bands appeared as the shearing progressed. The
dominant mechanism of failure involved two rigid blocks rotating against each other.
Multiple shear bands As with the other soils, the test at αf = 0
◦ presented a distinct
shear pattern. Multiple shear bands were observed at various orientations, forming a
cross hatching with no regular pattern. The three main sets of inclinations in the shear
bands roughly correspond to three sets of fissures, as recorded on split samples (see
Figure 7.42). This suggests that the fissures may have influence the failure mechanism
in this case.
Relationship with mechanical properties
Although few discontinuities were recorded on the outer surface of the samples, first
rupture was associated with the presence of these natural discontinuities in most tests.
However it is unsure whether they dominated the failure mechanism at later stages (see
Table 7.15).
Indeed, as explained in Chapter 5, difficulties were encountered in mapping the fis-
sures in the samples from the inspection of the outer surface. This may be the result of
infiltration of the drilling fluid in some joints and fissures in the clay during sampling.
As with Kimmeridge clay, the fissure pattern recorded from split samples (see Chap-
ter 3) was used instead to estimate the potential link between shear bands and fissures.
However, this option makes it difficult to determine if the fissures were a determining
factor in the failure mechanism or not, as it just indicates a probability.
Based on this comparison (see Figure 7.42), there is good consistency between the
inclination fissures sets, planes of maximum stress obliquity and shear bands. Due to
the large range of fissure inclination present, it appears that different fissure sets may be
involved in the failure mechanism depending on their closeness to the planes of maximum
stress obliquity. However, as observed with Kimmeridge clay, it is unlikely that the spiral
360
7.3. Gault clay
failure mechanism (tests GA2305, GA4505 and GA9005) is much influenced by natural
discontinuities. As with Oxford clay, failure mechanisms along horizontal planes (tests
GA6705 and GASS), probably corresponding to horizontal fissures, lead to the lower
strength.
7.3.4 Comparison with triaxial tests
The effective stress paths of the axial tests GA0005 and GA9005 are plotted on Fig-
ure 7.44 in t-s’ space, along with the effective stress paths of compression and extension
triaxial tests and the corresponding peak failure envelopes obtained by Hosseini Kamal
(2012).
As with Kimmeridge clay, the strength observed in the HCA tests at b =0.5 is higher
in compression and extension, in terms of both shear stress (t) and stress ratio (t/s’). It
is noteworthy that while the triaxial compression tests presented here were all performed
on rotary cored samples from about 10 m depth, the extension tests were performed on
block samples from 3.5 m BGL. As explained in Chapter 5, block samples were retrieved
from an area that had been covered by trees and showed significant signs of weathering
such as prior root actions and oxidations. However, Hosseini Kamal (2012) observed no
significant difference in peak and post-rupture effective strength envelopes between the
rotary cored samples taken below the ‘tree weathering’ horizon and the block samples.
It is therefore reasonable to assume that the effective strength envelope on the extension
side is representative of the 10 m deep material as well. As with the other soils, there
may be two explanations for the higher effective strength in the HCA: it could result
purely from the different types of apparatus and sample geometry used, or due to the
different b values employed in the triaxial (b=0 or 1) and the HCA (b=0.5).
It is interesting that the higher-than-triaxial φ′ values apply to the HCA tests with
other αf orientations. Figure 7.45 plots the Mohr circles at t/s’ peak against the triaxial
failure envelopes from Hosseini Kamal (2012). It is clear that the lowest strengths
obtained in the HCA correspond to the top end of the triaxial. This is also illustrated in
the deviatoric plane (see Figure 7.46). The higher strength of most HCA at b=0.5 fall
in between the Mohr-Coulomb and the Lade & Duncan (1975) models, both calibrated
on the strength in triaxial compression. The exception is the αf = 0
◦ which is closer
to the Drucker-Pager model. However, the strength obtained from triaxial extension is
once again much smaller than that expected by any of the models.
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Figure 7.32: Variation of the deviatoric stress q with strain level 1 − 3 for Gault clay
tests during shear at constant αdσ
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Figure 7.33: Variation of the stress ratio t/s’ with strain level 1− 3 for Gault clay tests
during shear at constant αdσ
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for Gault clay tests
-150
-100
-50
 0
 50
-150 -100 -50  0  50  100  150
τ zθ
 [k
Pa
]
(σz-σθ)/2 [kPa]
strain increment direction (2β)
stress direction (2αf)first rupture
first rupture SS
peak t/s'
peak t/s' SS
SuSu SS
90°
67°
45°
23°
αf = 0°
GASS
Figure 7.35: Failure envelopes in τzθ-(σz − σθ)/2 space for Gault clay
363
7. Failure characteristics
 0
 0.2
 0.4
 0.6
 0.8
 1
 0  10  20  30  40  50  60  70  80  90
sin(10°)
sin(20°)
sin(30°)
sin(40°)
sin(50°)
sin(60°)
sin(70°)
sin(90°)
t/s
'
α [Deg]
peak t/s'
peak t/s' GASS
first rupture
first rupture GASS
sin(φ'mob)
Figure 7.36: Variation of the peak t/s’ and t/s’ at first rupture with αf for Gault clay
tests
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Figure 7.38: Effective stress paths in t-s’ space
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Figure 7.40: Left hand side: Macro-structure (including discontinuities and inclusions)
obtained by visual inspection prior to testing, Right hand side: Shear band patterns at
the end of shearing
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Figure 7.41: Left hand side: Macro-structure (including discontinuities and inclusions)
obtained by visual inspection prior to testing, Right hand side: Shear band patterns at
the end of shearing
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Figure 7.42: Inclinations of the natural fissures, shear bands and planes of maximum
effective stress obliquity τn/σ
′
n (between first rupture and peak) with respect to the
horizontal for Gault clay tests
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Figure 7.43: Left hand side: Macro-structure (including discontinuities and inclusions)
obtained by visual inspection prior to testing, Right hand side: Shear band patterns at
the end of shearing
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Figure 7.44: Effective stress paths in t-s’ of undrained shear tests in HCA (αf= 0
◦
and 90◦) and triaxial apparatus (Hosseini Kamal, 2012) and peak strength envelopes
obtained from triaxial tests (Hosseini Kamal, 2012)
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Figure 7.45: Mohr circles at peak t/s’ for HCA tests and strength envelopes from triaxial
tests (referred as TX) by Hosseini Kamal (2012)
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Figure 7.46: Stress states in the deviatoric plane at peak t/s’ for HCA and triaxial tests
(Hosseini Kamal, 2012) sheared from similar effective stress levels
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7.4 Discussion
This section discusses the behaviour of the three mudrocks studied in this thesis con-
sidering also the related research on London clay by Nishimura (2006) and Anh-Minh
(2007). The first part focuses on the strain localisation and failure mechanism phenom-
ena in the clays and their potential effects on the recorded shear strengths. The second
part concentrates on the observed strength anisotropy. The discussion progresses from
qualitative observation, to quantitative measurements of the anisotropy and finally to
the possible factors affecting the shear strength anisotropy.
7.4.1 Failure mode
This subsection focuses on the failure mechanisms in the HCA. The factors affecting
the strain localisation are considered, as well as its potential effects on the measured
behaviour. The effects of the interaction between the macro-structure of the soil and
the HCA geometry on the strain localisation patterns are also discussed.
HCA geometry
A hollow cylinder sample possesses axially symmetric geometry with respect to the z-
axis. As mentioned in Chapter 4, the assumptions made in calculating strains and stress
require the geometry to stay axisymmetric during the test. It is also assumed that all
stress parameters are independent of θ (i.e. the stress field is axisymmetric as well).
The axial symmetry potentially influences the strain localisation initiation and de-
velopment. For example, consider the orientation of a plane of constant effective stress
ratio τn/σ
′
n in the ideal case where the strain and stress states are uniform in the sample.
In the HCA σr = σ2 is imposed. The planes of maximum effective stress obliquity are in-
dependent of σ2 and their normals belong to a constant-r planes as shown in Figure 7.47.
In a Cartesian coordinate system, those planes of constant stress ratio are defined by
the following normal unit vector ~n for a given stress state in the HCA:
~n =
− sin(α± δ) sin(θ)sin(α± δ) cos(θ)
cos(α± δ)
 (7.4)
where δ is the angle between ~σn and ~σ1 in a r-constant plane. Therefore, the direction
of a plane of constant stress ratio varies with θ.
As seen in the previous sections, the natural discontinuities observed in the tested
clays were principally of a planar to sub-planar nature. Taking an arbitrary plane of
discontinuity (assumed to be a plane of weakness) defined by its normal ~k, it is clear
that in a axisymmetric stress state, the effective stress ratio along the plane of the dis-
continuities varies with θ unless it is an horizontal plane. It follows that unfavourable
stress ratios can only be generated locally on such planes. While the planar disconti-
nuities may trigger strain localisation earlier than what would be observed in Cartesian
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stress state, these conditions are only met locally. They do not favour propagation of the
strain localisation along the existing planes of weakness. As noted above, the horizontal
to sub-horizontal planes constitute a special case, as the effective stress ratio (τn/σ
′
n)
varies little on those and rupture along them will be favoured.
Such an effect has clearly been observed in the case of the heavily bedded Oxford
clay. Table 7.5 shows that while strain localisation often started on bedding planes,
it did not usually propagate along those, unless the plane of maximum stress obliquity
corresponded to the horizontal. In summary, the axisymmetric geometry does not favour
the development of clearly defined failure planes that cut across the sample, except in
the horizontal direction. Moreover, the previous remarks consider only an ideal test with
a uniform stress state. In practice, it had been shown in Chapter 4 that non-uniformities
are inevitable in a HCA test. This would lead to further variation of effective stress ratio
along any defined plane.
Consequences on observed peak strength
As highlighted above, the HCA geometry influences the eventual failure mechanism. The
implications on the observed behaviour are further discussed here.
First, the resulting failure modes may introduce bias in the strengths recorded after
first rupture. Indeed, the HCA geometry tends to induce modes of failure involving
multiple shear planes, as observed in several cases in this study (see Table 7.5, 7.10
and 7.15). Such mechanisms may lead to an over-estimation of the peak strengths.
Among the observed failure modes, the spiral is most clearly the result of the axisym-
metric geometry and is unlikely to be encountered in common engineering situations.
This failure mechanism as well as the local stress re-orientation one (see Subsection 7.1.3)
may over-estimate the peak shear strength in comparison to the Cartesian geometry case
(Nishimura, 2006). Indeed, in a space with a Cartesian geometry, an existing plane of
weakness may correspond to a plane of constant effective stress ratio and failure along
such a plane may be favoured while it would not in the HCA geometry. On the other
hand, the single inclined shear plane combined with bending (see Subsection 7.1.3) can
either underestimate or over-estimate the ‘Cartesian’ strength (Nishimura, 2006). How-
ever, the latter mode was not observed in the present study.
Looking as the observed failure mechanisms in Table 7.5, 7.10 and 7.15, relationships
between the latter and αf are apparent in some cases. More specifically, there is a
clear trend for tests at αf = 0
◦ to develop multiple shear bands that were organised
in a general sawtooth pattern for the three soils tested. A spiral was the principal
failure mode for α = 23◦ while the α = 67◦ orientation and the simple shear conditions
produced horizontal planar shear surfaces with rigid body movements. For the two other
orientations, 45◦ and 90◦, no clear trend appeared and various failure mechanisms were
encountered. It is noteworthy that the above pattern also applied to the test series
performed at b=0.5 on London clay by Nishimura (2006).
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Based on the above remarks, there is a potential for an over-estimation of the strength
in the case of αf = 0
◦ and 23◦ if planes of weakness existed that could have been favoured
in a system with Cartesian geometry. In both cases the planes would need to be inclined
between 40◦ and 80◦ from the horizontal. In Oxford clay, the observed macro-fabric
consisted of bedding features that were horizontal to sub-horizontal, with angles always
lower than 30◦ to the horizontal. It is therefore unlikely that the strength was signifi-
cantly over-estimated in this case. As for Kimmeridge and Gault clay, fissures within
this range of inclinations were observed on split samples, as illustrated in Figure 7.28
and 7.42. There is a possibility of over-estimation at αf = 0
◦ and 23◦ for those two.
However, only the dip of the fissures as been considered here, and not their full orienta-
tion (dip and strike). So a ‘Cartesian’ stress state would need to match the orientation
as well so that failure occurs along those fissures.
First rupture and post-peak behaviour
The HCA geometry affects not only the peak strengths but also the strains at which
first rupture occurs and the post-peak behaviour.
First rupture As mentioned above, irrespective of the loading direction, the stress
ratio varies along any existing plane of weakness. It is likely that adverse conditions
appear locally that trigger the onset of strain localisation earlier than for the Cartesian
case. The exception to this would be cases where a plane of weakness has by chance
a unfavourable orientation with reference to the Cartesian stress state, so that rupture
occurs along this plane. Therefore, the presence of natural weak discontinuities is likely
to generate early first rupture, even if the main failure mechanism is not associated with
them. This effect is illustrated in Figure 7.48 which presents the strain 1 − 3 at first
rupture for the four soils.
Indeed, Oxford clay, which had the highest density of natural weak discontinuities
in the forms of bedding features, had the lowest strain values at first rupture, around
0.8 %. In all the Oxford clay tests except the OA0005, strain localisation initiated on
a bedding feature (see Table 7.5), even when the main failure subsequently developed a
quite different mechanism, as was the case in test OA2305. In Gault clay, rupture always
initiated on some of the visible fissures, and it is known that a probably higher density
was present than observed on the outer surface of the samples. Consequently the strains
at first rupture were also relatively low at around 1.3 %, just above those of Oxford
clay. In contrast, Kimmeridge clay had the highest strains at first rupture of about 2.3
%. This is consistent with the observation that while discontinuities were present in the
material, they did not appear to be significantly weaker than the clay matrix.
This phenomenon may also explain why the strains at first rupture appear indepen-
dent of αf between 23
◦ and 90◦ for Oxford and Gault clay. Indeed, for an element of soil
loaded uniformly in a system of Cartesian coordinates, rupture would initiate on a plane
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of weakness only if the latter is unfavourably oriented. That is, its orientation is close
to those of the planes of maximum effective stress ratio. In this case, the strains at first
rupture would probably vary with αf , being lower for αf orientations that correspond
to such occurrence. While in the HCA case, rupture is always initiated locally on such
planes due to the axisymmetric geometry.
The notable exception is test 0005, which, for all the three clays, presents higher
strains at first rupture than the tests at other orientations.
Post-peak One important observation concerning the post-peak behaviour is the ab-
sence of brittleness. For example, Oxford clay has been reported in the literature to be
highly brittle (see Chapter 3) and this was also observed in triaxial tests by Hosseini Ka-
mal (2012). Yet, only mild brittleness was observed in the HCA tests. There are several
possible explanations for this.
The HCA geometry and its influences on failure mode are one of them. As stated
above, the geometry of the HCA does not facilitate failure along any single plane ex-
cept those that are horizontal. Instead, it encourages the formation of localised shear
bands. The α = 0◦ tests are good examples of the latter type of behaviour. Instead of
concentrating shear displacements on a single plane, the global straining is more evenly
distributed among the shear bands. The displacement on a given shear band is much
smaller and may not be sufficient to progress local softening effectively.
In cases where high levels of non-uniformities exist in the sample, the calculated
shear strength parameters do not represent the full spectrum of local behaviours. The
multiple and complex shear bands observed in the HCA make it impossible to correct for
strain localisation, as may be attempted for triaxial tests if a single shear plane develops.
In the HCA tests, non-uniformities may mask local brittleness.
Other factors may influence the brittleness, such as mean effective stress and mem-
brane restrictions. Most of the tests in this study were performed at relatively low mean
effective stresses. Hosseini Kamal (2012) recorded lower brittleness on triaxial shear
tests from low effective stress than for higher stresses, on both Gault and Kimmeridge
clay.
In the case of Oxford clay, brittleness may have been expected when the failure mode
corresponded to horizontal shear plane slip and rigid blocks movements, as observed with
45◦ ≤ αf ≤ 67◦. However, in these cases, the clay failed along natural planes of weakness
(the bedding features) and the peak effective strength appears to be about the same as
the triaxial post-rupture values, as seen in Subsection 7.1.4. Sharp softening post-peak
did not appear in these cases.
Overall, it appears that the HCA tests are not well configured to study the brittle-
ness of natural stiff clays, and the post-peak measurements should be considered with
caution, or even discarded. Ring shear tests are more adequate to evaluate the potential
brittleness of a soil.
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7.4.2 Strength anisotropy
This subsection focuses the strength anisotropy of the three stiff clays tested by the Au-
thor: Oxford, Kimmeridge and Gault clay as well the London clay tested by Nishimura
(2006). All samples were taken from about 10 m depth and sheared undrained at a range
of αf and at b=0.5 from their estimated in-situ stress state.
Undrained strength and stress ratio
The variations of Su and (t/s
′)peak with αf are presented in Figures 7.49 and 7.50
respectively for the four clays. Neither plot shows a repetitive pattern between the
different soils.
In terms of Su, the variation changes from a monotonic increase with αf with Kim-
meridge clay, to wavier behaviour for the other soils. The lowest strength occurred at
αf ≈ 45◦ for three of the mudrocks, but not for Kimmeridge clay. One common feature
of all four clays is that the maximum Su developed at αf = 90
◦. As explained in the
previous sections, this is mostly attributed to anisotropy in the pre-failure behaviour: it
leads to inclined effective stress paths and consequently higher mean effective stresses
being obtained when failure is induced by loading in the 90◦ direction. The inclination
of the effective stress paths also leads to Su being dependent on the deviatoric stress
at the beginning of shearing for a given p’ and αf . The re-consolidation path followed
clearly impacts the recorded strength.
A variety of patterns is again observed for (t/s′)peak. The lowest φ′peak all appeared
between αf = 45
◦ and 67◦. Another interesting point is that the (t/s′)peak were similar
for all soils at αf = 90
◦.
Normalisation and quantification
To compare the clay anisotropy, it is convenient to consider normalised plots. Thus, the
shear strength parameters Su and (t/s
′)peak have been divided by their respective means
in Figures 7.51 and 7.52.
In terms of Su, the following pattern is observed for Oxford, Gault and London clay:
 The HCA strengths at 0◦ fall very close to the mean value.
 The Su values seen at αf = 90
◦ spread from 1.1 to 1.6 times the mean.
 The three other αf values (23
◦, 45◦ and 67◦) present Su strengths which are close
to, or below the mean.
A similar pattern is observed for the effective stress ratios (t/s′)peak, except that in this
case it is the values at 90◦ which are close to the mean and those at 0◦ which spread
from 1.1 to 1.4 times the mean.
Again, Kimmeridge clay presents a very different behaviour to the other three mu-
drocks in both cases: its Su increases monotonously with αf while its (t/s
′)peak ratio
remains constant.
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Soil Sumax/Sumin Cvar Su (t/s
′)max/ Cvar t/s′
– [%] (t/s′)min [%]
Oxford 2.32 30 2.03 30
Kimmeridge 1.79 24 1.04 1
Gault 1.34 11 1.39 12
London 2.00 28 1.48 16
Table 7.16: Comparison of the strength anisotropy of the four soils from several criteria.
Cvar: Coefficient of variation defined as the ratio of standard deviation to the mean.
(London clay data from Nishimura (2006))
As observed in Figures 7.51 and 7.52, the degree and patterns of strength anisotropy
depend on the interpretation model considered. Due to the pre-failure anisotropy of
the soil resulting in different p’ developing at failure, the implicit relationships between
strength and p’ affect the outcomes. When looking at Su, the strength is assumed to be
independent of the effective stress level (Tresca type of model). The t/s’ normalisation
implies a linear variation with s’ and a zero c’ (Mohr-Coulomb type of model). However,
the actual variations with effective stress level are more complex, as highlighted by the
curved effective strength envelopes reported by Gasparre (2006) and Hosseini Kamal
(2012) for these same clays.
Keeping this in mind, the shear strength anisotropy is compared in Table 7.16 for
these two types of model. Oxford clay exhibits the highest degree of anisotropy by
both measures, followed by London clay. Kimmeridge and Gault show less anisotropy,
although their respective degrees depend on the considered model: Kimmeridge has a
higher anisotropy in terms of Su but as already mentioned, is almost isotropic in terms
of t/s’.
7.4.3 Anisotropic failure criteria
Numerous models exist that take into account the shear strength anisotropy of a material.
This section looks at some anisotropic models that may be applied to stiff clays, focusing
especially on the modelling of peak shear strength anisotropy. The modelling of the pre-
failure behaviour is not considered here.
Geotechnical failure criteria with anisotropic shear strength were mostly developed
initially with rock behaviour in mind, moving towards soils in the later decades. They
can be divided into four categories which are briefly described here. More detailed
reviews of the earliest models are available in Duveau et al. (1998) and Kwasniewski
(1993).
Empirical approach In this approach, an isotropic failure criterion is chosen,
usually based on stress invariants. The material parameters corresponding to this
model are assumed to vary with the orientation of loading. An empirical law is
then derived for their variation. An example of such law would be Equation 7.1
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proposed by Bishop (1966) to model the variation of Su with the angle α, the base
isotropic model being of the Tresca type.
Discontinuous approach This approach takes into account the presence of dis-
continuities in the material. The failure criterion is defined directly over planes
instead of applying overall stress invariants. It is assumed that sets of planes of
weakness exist in an isotropic matrix. Two failure mechanisms (and thus two cor-
responding failure criteria) are then postulated: either shear (or fracture) along
the planes of weakness or shear (or fracture) across the intact matrix (Duveau
et al., 1998). In its simplest form, only one set of planes of weakness is considered
as in the ‘single plane of weakness theory’ proposed for rocks by Jaeger (1960).
Such models are mainly employed for rocks with well defined sets of discontinuities
(usually related to bedding). More complex models of the ‘critical plane’ type were
subsequently developed using a similar approach (Walsh & Brace, 1964; Hoek &
Brown, 1980; Hoek, 1983). The latter applied a failure criterion on a given pi plane
(define by its normal ~n) varying with the loading direction of the type:
f(~σpi, c(~v)) = 0 (7.5)
where ~σ′pi = σ′n~n+ τn~s (~s is a unit vector of the direction ~τn) is the stress acting on
the plane. ~v is a unit vector of same direction as ~σpi and c is a strength parameter
(or a set of strength parameters) varying with ~v. The potential plane of failure is
then found by maximising the function f under specified constraints. It should be
noted that c can either vary continuously with ~v or in a discrete fashion if a set of
discrete weak planes is present.
Continuum mechanics approach In this approach, the material is considered
as a continuous medium. Failure criteria are proposed that make use stress tensors
of various orders defined relative to the material geometry (Pariseau, 1968; Duveau
et al., 1998). A more rigorous approach employed to account mathematically for
the directionality is to use of stress invariants of different orders in conjunction
with a ‘structure-orientated’ tensor (Pietruszczak & Mroz, 2000, 2001). The latter
is a mathematical representation of the preferred orientation of the material fabric,
bonding, distribution of discontinuities, etc. It is used to define the direction of
loading in relation to the material structure. The latter approach was developed
by Boehler & Sawczuk (1977), Nova (1980) and Pietruszczak & Mroz (2000).
The study presented in this thesis did not focus on numerical modelling of anisotropy,
but on the experimentally observed behaviour. Models are considered here simply to
give additional insights into the observed behaviour. Therefore, the potential failure
criteria were reviewed with the two following questions in mind:
1. Could the failure criteria be fitted on the bases of the data obtained from the
study?
2. Will the failure criteria give relevant information about the strength anisotropy?
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The empirical formulas generally require a significant number of fitting parameters.
The data available, consisting of 5 points per clay, was not sufficient to develop fits for
many of those models. Even when it was possible to do so, the fitting parameters have
no theoretical connection with the material structure, and therefore give no information
about the latter. Nevertheless, fitting has been carried out with all soil types using the
simple failure criteria proposed by Bishop (1966) (see Figures 7.3, 7.22 and 7.34).
Considering next the discontinuous failure criteria, these require that sets of plane of
weakness have well defined orientation which can be easily sorted. With the exception
of Oxford clay and its bedding, limited information was available on the orientation of
the fissures of the mudrock samples. Moreover, the data available indicated a wide range
of orientations, which complicates the use of these models. They typically consider only
one or two joint sets. Therefore, this approach did not seem promising for the modelling
of the mudrocks studied.
The ‘critical plane’ approach employed with a continuous variation with ~v offers a
potentially more interesting approach, especially since it gives information on the po-
tential orientation of the failure plane as well as the anisotropy. However, this approach
requires the resolution of a non-linear maximisation problem under various constraints
to find the critical plane. This was not attempted as it appeared to be time-consuming
to implement numerically and difficult to fit.
On the other hand, a continuum mechanics approach which relies on a ‘micro-
structure’ tensor could more easily be fitted with a reasonable number of parameters that
relate theoretically to the structure of the material. The latter seemed the most efficient
approach in the view of the set objectives. The formulations proposed by Pietruszczak
& Mroz (2000, 2001) and Lade (2008) were selected for fitting. In these models, the
strength parameters vary as functions of a projection of the structure tensor onto the
loading direction. This theory is briefly described below.
Micro-structure tensor failure criterion
In the following, bold variables refer to tensors, arrowed variables to vectors, multiplica-
tion between tensors to matrix product and T to the transpose operation. As mentioned
above, the principle of a continuum mechanics approach is to express the failure criterion
with invariants of stress tensors σ, a micro-structure tensor a and a mixture of both.
Therefore it can be written in the general form (Pietruszczak & Mroz, 2001):
f(σ,a) = f [trσ, trσ2, trσ3, tra, tra2, tra3, tr(σa), tr(σ2a), tr(σa2), tr(σ2a2)] = 0
(7.6)
The approach developed by Pietruszczak & Mroz (2000, 2001) represents the contribu-
tion of the micro-structure tensor a via a scalar parameter η, simplifying the previous
form to:
f(σ,a) = f [trσ, trσ2, trσ3, η] (7.7)
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The parameter η is derived from the following reasoning (Pietruszczak & Mroz, 2000,
2001). The principal directions of a are defined as the three vectors ~ei (with i ∈ {1, 2, 3}),
unit eigenvectors of a. The three vectors define three planes and the stress vectors
~Li = σ~ei (i ∈ {1, 2, 3}) acting on each of the corresponding planes are considered, as
illustrated in Figure 7.53. More specifically, their norms Li = ‖~Li‖ are of interest, so
that the following loading vector ~σL can be defined:
~σL = L1~e1 + L2~e2 + L3~e3 (7.8)
The unit vector ~l representing the loading direction is derived from ~σL:
~l =
~σL
‖~σL‖ =
√
tr(m(i)σ2)
tr(σ2)
(7.9)
where the matrix m(i) is defined by m(i) = ~ei~e
T
i . If the stress tensor is defined in the
(~e1, ~e2, ~e3) space then:
L21 = σ
2
11 + σ
2
12 + σ
2
13 (7.10a)
L22 = σ
2
12 + σ
2
22 + σ
2
23 (7.10b)
L23 = σ
2
13 + σ
2
23 + σ
2
33 (7.10c)
and
li =
Li√
L21 + L
2
2 + L
2
3
i ∈ {1, 2, 3} (7.11)
The parameter η is then defined as the projection of the micro-structure tensor a on the
loading direction ~l:
η = ~lTa~l =
3∑
i,j=1
aijlilj =
tr(aσ2)
tr(σ2)
(7.12)
Strength parameters of the same form as η are then inserted in isotropic failure criterion
to model the effect on strength of loading direction with respect to the material principal
direction, that is the material structure (Pietruszczak & Mroz, 2001). It is interesting
to note that the stress magnitude does not affect the value of η (Pietruszczak & Mroz,
2001).
Cross-anisotropic case
In this paragraph, the form of η is derived for the particular case of transverse isotropy.
As explained in Chapter 6 on pre-failure behaviour, it is common to assume such sym-
metry in soil materials. To do this, it is convenient to decompose the micro-structure
tensor a into isotropic and deviatoric parts:
a =
1
3
tr(a)(I + Ω) (7.13)
where I is the identity matrix and Ω the deviatoric component of a which is a diagonal
matrix in (~e1, ~e2, ~e3) space. Assuming that the material is transverse anisotropic and that
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~e2 corresponds to the axis of symmetry of the material, then the material is isotropic in
the ~e1−~e3 plane and Ω1 = Ω3. The following relationship also applies Ω1 + Ω2 + Ω3 = 0
so that Ω depends on only one scalar Ω = Ω1:
Ω =
1 0 00 −2 0
0 0 1
Ω (7.14)
Replacing a in Equation 7.12 and making use of the form of Ω give:
η = η0
(
1 +
tr(Ωσ2)
tr(σ2)
)
= η0
(
1 + Ω(l21 − 2l22 + l23)
)
(7.15)
where η0 = (1/3)tr(a). This is the general expression of η for a transverse isotropic
material whose axis of symmetry is ~e2.
Based on the stress state imposed in a HCA, the formulation of η for a transverse
anisotropic material reduces to (Lade, 2008):
η = η0
(
1 + Ω(1− 3l22)
)
(7.16)
l2 =
√
(σ1 cosα)2 + (σ3 sinα)2
σ21 + σ
2
2 + σ
2
3
(7.17)
It is important to note that η varies not only with α, but also with the intermediate
principal stress factor b as well as the stress ratio R = σ′1/σ′3. In this study, it was
also necessary to introduce a higher order term to model the anisotropy as suggested
by Pietruszczak & Mroz (2001). In this case, a fourth order micro-structure tensor A is
used instead of a second order one, with the restriction that Aijkl = ζaijakl, leading to
the final formulation of η:
η = η0
(
1 + Ω(1− 3l22) + ζ(Ω(1− 3l22))2
)
(7.18)
where ζ is an additional material parameter which depends on the micro-structure. It
can be seen that the factor Ω offers a convenient way of quantifying the anisotropy of
the soil and it also theoretically relates to its structure.
Formulation of failure criteria
The above theory can be used with any existing isotropic failure criterion. In the present
study, two were selected. Both were defined in terms of effective stresses and assumed
a purely frictional material (t varies linearly with s’). The first was Mohr-Coulomb, as
it is one of the most commonly used in soil mechanics. It is expressed in the following
form:
t
s′
= η0
(
1 + Ω(1− 3l22) + ζ(Ω(1− 3l22))2
)
(7.19)
It should be noted that the cohesive term c’ was assumed to be null here due to the
restricted number of tests. It was estimated that the tests, which all started from the
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same stress state for a given soil, did not cover a sufficient range of effective stresses
to allow consistent determination of c’. The second model is that proposed by Lade &
Duncan (1975):
I31
I3
− 27 = η = η0
(
1 + Ω(1− 3l22) + ζ(Ω(1− 3l22))2
)
(7.20)
where I1 = tr(σ
′) and I3 = det(σ′).
It should be reminded that these two models only introduce anisotropic failure crite-
ria in terms of stress ratio, and therefore do not incorporate modelling of the pre-failure
or post-failure anisotropic behaviour. A more complete numerical model should include
all these properties so as to properly capture the clay behaviour. However, as aforemen-
tioned, this was not the aim of the present analysis, which simply focused on linking the
strength anisotropy to the structural one. The results of the fitting of these models are
presented in the next subsection.
Model fitting
The micro-tensor models presented above were fitted with a simple least-square linear
regression using the results HCA tests. The resulting parameters are given in Table 7.17
and 7.18. It should be noted that in the case of Oxford clay, a problem appeared due
to the close proximity of the no-tension condition. Indeed, assuming no tension forces
the ratio t/s′ = sin(φ′) to be less than 1. This is not taken into account in the model
with the η parameter. As the no-tension restriction was observed in tests at α = 0◦
on Oxford clay, the results of those tests were discarded, so as not to bias the results
of the fitting. In the case of the Lade & Duncan (1975) model, test OA2305 was also
discarded, as otherwise the model could not be fitted.
Variation with αf at b=0.5 The t/s’ ratios at failure are presented with their fitted
curves for the case of b=0.5: the Mohr-Coulomb model in Figure 7.55 and the Lade &
Duncan (1975)’s model in Figure 7.56. Both models represent the variation of (t/s′)peak
with α at b=0.5 relatively accurately. They give standard errors of less than 15% in
predicting (t/s′)peak, as expressed in Table 7.17 and 7.18. The exception is the Lade &
Duncan (1975) model in the case of Oxford clay. Due to the restriction imposed by the
tensile strength, almost half of the tests had to be neglected to obtain a reasonable fit,
leading to high errors for the discarded points.
As shown on Figure 7.54, there is a good correlation between the strength aniso-
tropy, as quantified by the coefficient of variation of t/s’ from the experimental data,
and the ΩMC parameter from the micro-structure tensor model (based on the Mohr-
Coulomb model). The Ω parameter appears to quantify the soil anisotropy accurately,
as postulated above.
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Variation with αf and b Both models also predicts variations in (t/s
′)peak with b
as well as α. In the case of Mohr-Coulomb, the variation is solely due to the η term.
On the other hand, the Lade & Duncan (1975) model already captures variation with
b in the isotropic version, which is compounded with the effect of the variation of η.
The data used for the model calibration cover a very limited range of b, around 0.5, as
unfortunately there was not enough time to study the effects of b as well as those of
α. However, it is still interesting to look at the resulting predicted variation of strength
with b and α together, as plotted in Figures 7.57, 7.58, 7.59 and 7.60. Once again, the
functions have been capped at t/s′ = 1 to account for the no-tension restriction. The
shear strengths obtained from triaxial tests by Hosseini Kamal (2012) are also plotted for
reference, although as already stated, one should be cautious in using those to estimate
the b effect.
For the Mohr-Coulomb case, the b-effect predicted by the model is consistent across
the soils. At low α values, it generates important variation with b, with a monotonic
decrease of the shear strength as b increases from 0 to 1. As the α value increases,
the effect diminishes, the b value having seemingly no effect on the strength at α =
90◦. This variation results in high values of shear strength around the corner (αf = 0◦,
b = 0). Noting that results from triaxial compression tests by Hosseini Kamal (2012)
generally fall below the HCA tests at b=0.5 at αf = 0
◦, the model is likely overestimate
the strength in this region. It also implies that the degree of anisotropy (with respect to
(t/s′)peak) varies with the b value, leading to greater variation with α at low b values.
In this model, the higher the variation with α, the stronger are the effects of b and vice
versa. The variations generated by this model may not appear realistic in view of the
triaxial results. However, in the absence of more data on the effect of b, this is difficult
to confirm.
In the case of the Lade & Duncan (1975) model, there is coupling between the
variation with b introduced by η (as observed in the Mohr-Coulomb case) and that
prescribed by the classical isotropic version of the model. Higher strengths are still
predicted in the corner (αf = 0
◦, b = 0) and variations of the degree of anisotropy
with b are also present. However, the variations are not as steep as those from the
Mohr-Coulomb model.
7.4.4 Relationship with micro-structure
As highlighted in the discussion on the relationship between the shear strength and the
failure mode, the structure of the soil at the macro-level, in the form of discontinuities,
has a paramount influence on the anisotropy. It seems natural to assume that the
micro-structure also affects the anisotropy of a soil, as postulated by Pietruszczak &
Mroz (2000) when introducing their micro-structure tensor. In the project presented
here, the micro-structure of the clays was studied qualitatively as well quantitatively
by Wilkinson (2011) using imaging techniques. It is interesting to compare his findings
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Soil Mohr-Coulomb model (c=0) Std. Err.
η0 Ω ζ ζΩ
2 [%]
Oxford 0.55 -0.19 14 0.52 8
Kimmeridge 0.65 0.01 -256 -0.01 2
Gault 0.58 -0.07 29 0.14 5
London 0.42 0.06 132 0.46 12
Table 7.17: Fitted parameters for Mohr-Coulomb model with micro-structure tensor
approach based on HCA tests (Note: for Oxford clay, tests OA0005 and OA0005* were
excluded) Std. Err.: Standard error in terms of t/s’ ratio divided by the average value
and expressed in %
Soil Lade & Duncan (1975) model Std. Err.
η0 Ω ζ ζΩ
2 [%]
Oxford 11.36 -1.27 1.75 2.80 27
Kimmeridge 19.30 0.03 -30.40 -0.02 2
Gault 11.95 -0.39 7.06 1.05 9
London 5.82 0.20 43.05 1.69 7
Table 7.18: Fitted parameters for Lade & Duncan (1975) model with micro-structure
tensor approach based on HCA tests (Note: for Oxford clay, tests OA0005, OA0005*
and OA2305 were excluded)
with the strength anisotropy observed in laboratory tests. It should be kept in mind
that the micro-structure analyses were performed on small samples (≈10 mm in length)
at the limited number of depths given in Table 7.19. They represent the structure of the
clay at particular points with much uncertainty regarding the micro-structure present
in the rest of the stratum.
Qualitative observations
Qualitative observations have already been reported in Chapter 3. Oxford clay samples
were found to present strongly preferred orientation of the particles in the horizontal
direction. At the opposite, Kimmeridge clay from 8 and 12 m depth BGL did not show
any directional preference. The clay particles in London clay from about 8 m depth also
tended to be aligned horizontally, although the directionality is weaker than that Oxford
clay. In the case of Gault clay, two widely different micro-structures were observed for
samples from 7 and 13 m depth. The former had a strongly preferred orientation, similar
to Oxford clay, while the latter showed little preferred orientation. As the samples tested
in the HCA were situated between these two depths, it is difficult to extrapolate what
their structure might be.
As outlined in Chapter 3, these observations were confirmed by quantitative analysis
of the SEM images, resulting in the rose diagrams of particle orientation presented in
Figures 3.17 and 3.18.
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Quantitative observations
Using rose diagrams, Wilkinson (2011) derived a simple quantification of the direction-
ality of the particles based on the half circle addition method by Fisher (1993). This
method, illustrated in Figure 7.61, consists in representing the rose diagrams as vectors.
As the rose diagrams are symmetric, only half of the circle is considered. A parameters
Vmax is obtained by projecting all the vectors on the direction having the longest vector
(the ‘maximum direction’) and then summing the absolute values of the projections (see
Figure 7.61). A second parameter Vmin is derived by applying the same method on the
direction orientated at 90◦ from the ‘maximum direction’.
The difference Γ = Vmax − Vmin is an indicator of the presence of one preferred
orientation on a given surface (vertical or horizontal): the higher the value, the stronger
the particle alignment. This is not the case if there is two or more preferred orientations.
Table 7.19 presents the average values of Vmin, Vmax and Γ obtained by Wilkinson (2011).
For a transverse anisotropic material with a vertical axis of symmetry, the material is
isotropic in an horizontal plane. In the half circle method used by Wilkinson (2011), an
isotropic material gives the conditions: Vmax = Vmin ≈ 0.32. The average Vmin values on
horizontal planes are plotted on Figure 7.62 against average Vmax. With the exception
of the Kimmeridge clay from 12.71 m depth, all the points fall close to the isotropic
conditions. It should also be noted that their ΓH is close to zero (see Table 7.19). These
observations suggest that the micro-fabric is fairly isotropic in an horizontal plane. This
confirms that assuming a transverse anisotropic micro-structure tensor was reasonable.
The ΓV values can then be used as indicators of the micro-structural anisotropy of these
transversely anisotropic materials.
Relationship with strength anisotropy In Figure 7.63 and 7.64, the strength aniso-
tropy in terms of ratio (t/s′)peak is related to the micro-structure anisotropy, as expressed
by ΓV . The strength anisotropy is quantified by the coefficient of variation obtained from
laboratory test results in Figure 7.63 and by the Ω parameter for the Mohr-Coulomb
model in Figure 7.64. Keeping in mind the previous notes of caution regarding the
uncertainties of the micro-structures studies, the strength anisotropy appears to relate
well with the micro-structural anisotropy. The most marked shear strength anisotropy
is observed for the soil which has the most aligned structure, Oxford Clay. On the other
hand, Kimmeridge clay, which has very little preferential orientation also exhibits the
lowest degree of shear strength anisotropy. London clay presents an intermediate level
of anisotropy, both in strength and structure. As explain before, uncertainties remain
concerning the micro-structure of the tested samples of Gault clay. A similar corre-
lation was observed by Hosseini Kamal (2012) for the small strain stiffness anisotropy
as presented in Figure 7.65. The overall behaviour in terms of anisotropy is therefore
consistent with the recorded micro-structure anisotropy.
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Factors controlling structure Wilkinson (2011) identified the main factors control-
ling the anisotropy of the micro-structure. The mineralogy of the clay determines the
range of preferred particle orientation attainable. In particular, the proportion of clay
platy particles is an essential parameter. Little micro-structural anisotropy is generated
with rounded particles (Wilkinson, 2011) although anisotropy in the contact forces is
possible even with spheres. Interactions with other particles present in the soil are also
important. Wilkinson (2011) estimates that the absence of anisotropy in the 13.46 m
depth Gault clay sample results from the presence of abundant coccoliths which appear
to prevent the particles from aligning. However, mineralogy itself does not determine
the final structure. The depositional environment creates the initial structure, which
is subsequently modified during burial. The depth of burial, linked to the maximum
over-burden stresses experienced by the clay, also impacts on the structure: the deeper
the burial, the more rotations and re-orientations of platy particles towards an horizon-
tal alignment are likely to occur. Wilkinson (2011) postulated that the lower depth of
burial of London clay is probably the reason for its mildly orientated structure, in spite
of its high platy particle content. Chemical processes also affect the anisotropy. For
example, the dissolution of minerals and their subsequent precipitation in the voids may
impair the process of particle re-orientation, limiting the horizontal alignment (Wilkin-
son, 2011). Finally, weathering process (chemicals, freeze-thaw cycles, mass movement,
etc.) may also altered the preferred particle orientation.
In summary, the micro-structural anisotropy depends on several combined factors
with none being clearly predominant. In such conditions, simple parameters, such as
age or depth of burial, cannot be used to estimate the preferred particle orientation.
As seen in Chapter 3, depositional environment, mineralogy, depths of burial, etc. vary
across the UK in any given geological deposit. The resulting micro-structure can be
expected to vary as well. Even at a given location, the micro-structure is also likely
to vary with depth within a given stratum, as seen from the Gault and Kimmeridge
clay borehole studies in this thesis. In a similar way, the macro-structure is also likely
to change spatially depending on the local stress history. As the strength anisotropy
depends on both the macro and micro-structure, it is also likely to vary with depths and
location. The anisotropy observed in the present study is therefore only valid locally for
each soil.
7.5 Summary
This chapter reported and discussed the behaviour seen in the HCA tests from the onset
of strain localisation onwards, focusing on the observed peak strength anisotropy of the
soils. The main findings are presented below.
Oxford clay Oxford clay was found to have strongly anisotropic shear strength char-
acteristics, both in terms of deviatoric stress Su and stress ratio t/s’. Its behaviour is
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Soil Depth Imaging Vmax Vmin Γ = V δ =
[m BGL] plane Average Average Vmax − Vmin ΓV − ΓH
London
7.9–9.4 V 0.388 0.243 0.145
7.9–9.4 H 0.357 0.273 0.084 0.061
30.45–31.95 V 0.383 0.245 0.139
30.45–31.95 H 0.356 0.272 0.085 0.054
33.45–34.95 V 0.379 0.253 0.126
33.45–34.95 H 0.336 0.296 0.041 0.085
Gault
1.72 V 0.358 0.271 0.087
1.72 H 0.348 0.282 0.066 0.021
3 (Block) V 0.36 0.273 0.087
3 (Block) H 0.344 0.288 0.056 0.031
6.82 V 0.416 0.211 0.205
6.82 H 0.348 0.283 0.065 0.14
13.46 V 0.351 0.282 0.069
13.46 H 0.347 0.284 0.063 0.006
Kimmeridge
8.54 V 0.381 0.256 0.125
8.54 H 0.364 0.265 0.099 0.026
12.71 V 0.363 0.269 0.094
12.71 H 0.387 0.239 0.148 -0.054
Oxford
10 (Block) V 0.416 0.213 0.203
10 (Block) H 0.356 0.275 0.081 0.122
Lias
11.6 V 0.424 0.219 0.205
11.6 H 0.357 0.277 0.08 0.125
16.46 V 0.382 0.254 0.127
16.46 H 0.363 0.267 0.096 0.031
Table 7.19: Quantification of the structural anisotropy of the four clays by the half circle
methods by Wilkinson (2011)
dominated by its high density of bedding features. The latter are probably linked to its
anisotropic micro-structure, with its clay particles having strong preferential orientation
in the horizontal direction. Tests applying τvh giving αf between about 40 and 70
◦
favoured shear along the horizontal bedding features. They present the lowest effective
shear strengths (t/s′)peak, which fall close to the post-rupture strength observed in tri-
axial tests by Hosseini Kamal (2012). The αf = 0
◦ is a particular case for Oxford clay.
This test appeared to develop modest tensile σ′θ values, with tension failure limiting the
shear strength. To a certain extent, this feature biases the strengths observed at low αf
values.
Kimmeridge clay Kimmeridge clay presented almost no strength anisotropy in terms
of (t/s′)peak (or φ′p). The more marked anisotropy in Su resulted mainly from the pre-
failure anisotropy observed in Chapter 6 generating inclined effective stress paths. The
behaviour is consistent with the noted absence of anisotropy in the micro-structure of
the soil, as little preferred orientation was recorded at the micro scale. Regarding the
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macro-structure, fissures were recorded at a large range of inclinations in the material,
which may have influenced the failure mechanisms. However, based on the isotropic φ′p
recorded, it is still unsure how they affect the soil strength, and whether they present
lower shear strength than the intact clay matrix or not.
Gault clay Gault clay had an intermediate level of anisotropy between those of the
Oxford and Kimmeridge clays. Here too, the lowest effective shear strengths (t/s′)peak
were recorded with αf between about 40 and 70
◦. In this case, uncertainties remain
concerning the natural discontinuities and their roles in the failure mechanisms. There
is also uncertainties regarding the micro-structure of the tested samples. However, it is
possible that this lower strength corresponds to the presence of horizontal discontinuities,
as in Oxford clay.
Strain localisation and failure mode While the behaviours of the four clays differ,
some common points are noted. Strain localisation always precedes the peak strength
(in terms of deviatoric stress and stress ratio). The deviatoric stress at first rupture is
between 70 and 80 % of the peak apparent values.
The axisymmetric stress states imposed in the HCA favoured early onset of strain
localisation on planes of weakness such as discontinuities. However, in many cases, it did
not favour the propagation of rupture along those planes, or in general along any single
plane. Instead, The HCA geometry and boundary conditions encourage the formation
of multiple shear bands. This may be one of the reasons for the apparent absence
of brittleness in the HCA tests, even for soils expected to be extremely brittle such
as Oxford clay. The axial symmetry also affected the failure mode actually observed
compared with that expected for a Cartesian geometry. It is possible that in some cases
the HCA peak shear strengths over-estimate values that could be developed in-situ under
a Cartesian stress system.
In some cases, the orientations of the shear bands formed during testing corresponded
fairly well with the orientation of the planes of maximum stress obliquity at first rupture,
as suggested by the Mohr-Coulomb failure criterion. However, when discontinuities were
present and orientated within a certain range of the planes of maximum stress obliquity,
this apparently lead to rupture on these planes of weakness instead of the planes of
maximum stress obliquity. The shear band patterns appear to be controlled by the
interactions between the planes of effective maximum stress obliquity (τn/σ
′
n)max and
the discontinuities.
Anisotropy quantification Continuum mechanics failure criteria based on a ‘struc-
ture’ tensor, representing the anisotropy of the soil structure, are able to model accu-
rately the shear strength anisotropy observed experimentally in this research. However,
in the absence of data on the effects of the intermediate principal stress factor b on the
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soil strength, it is unclear which model best represents the overall variation of effective
shear strength (t/s′)peak with b and α.
The effects of the macro-structure on the soil anisotropy were studied qualitatively by
looking at the failure modes developed at different orientations of the principal stress in
relation to the natural discontinuities. Wilkinson (2011) quantified the micro-structure
anisotropy of the four clays presented in this study, allowing a comparison with the peak
strength anisotropy. A good correlation was obtained between the two: soil with strong
anisotropy at the micro-level also presents strong anisotropy in strength, and vice versa.
Overall, both macro and micro structure appear to have an important impact on shear
strength anisotropy. Both are likely to vary significantly spatially. It can therefore be
expected that the peak shear strength anisotropy is likely to fluctuate with depth within
a stratum at any given location.
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(a) Cartesian coordinates (b) Cylindrical coordinates
Figure 7.47: Orientation of planes of maximum stress obliquity in cartesian and cylin-
drical coordinates (ex and er are assumed to be the direction of σ2)
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Figure 7.48: Strain level 1 − 3 at first rupture versus αf for the four clays (London
clay data from Nishimura (2006))
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Figure 7.49: Variation of Su with αf for the four stiff clays (London clay data from
Nishimura (2006))
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Figure 7.50: Variation of peak t/s’ with αf for the four stiff clays (London clay data
from Nishimura (2006))
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Figure 7.51: Variation of Su with αf normalised by the mean Su value over the whole
αf range for the four stiff clays (London clay data from Nishimura (2006))
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Figure 7.52: Variation of peak t/s’ with αf normalised by the mean (t/s
′)peak value over
the whole αf range for the four stiff clays (London clay data from Nishimura (2006))
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Figure 7.53: Vectors ~Li = σ~ei (i ∈ {1, 2, 3}) in the space defined by the principal
directions of the micro-structure tensor a (modified from Pietruszczak & Mroz (2001))
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Figure 7.54: Comparison between the strength anisotropy of t/s’ quantified by the pa-
rameter Cvar and the Ω parameter (from the Mohr-Coulomb micro-tensor model)
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Figure 7.55: Variation of peak t/s’ with αf with the fitted Mohr-Coulomb model using
the micro-structure tensor approach for the four stiff clays (London clay data from
Nishimura (2006))
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Figure 7.56: Variation of peak t/s’ with αf with the fitted Lade & Duncan (1975) model
using the micro-structure tensor approach for the four stiff clays (London clay data from
Nishimura (2006))
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Figure 7.57: Variation of peak t/s’ with αf and b based on the fitted models (Mohr-
Coulomb and Lade & Duncan (1975)) using the micro-structure tensor approach for
Oxford clay (triaxial data by Hosseini Kamal (2012))
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Figure 7.58: Variation of peak t/s’ with αf and b based on the fitted models (Mohr-
Coulomb and Lade & Duncan (1975)) using the micro-structure tensor approach for
Kimmeridge clay (triaxial data by Hosseini Kamal (2012))
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Figure 7.59: Variation of peak t/s’ with αf and b based on the fitted models (Mohr-
Coulomb and Lade & Duncan (1975)) using the micro-structure tensor approach for
Gault clay (triaxial data by Hosseini Kamal (2012))
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Figure 7.60: Variation of peak t/s’ with αf and b based on the fitted models (Mohr-
Coulomb and Lade & Duncan (1975)) using the micro-structure tensor approach for
London clay (experimental data from Nishimura (2006))
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Figure 7.61: Illustration of the half circle method for obtaining parameters Vmax and
Vmin (Wilkinson, 2011)
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Figure 7.62: Average parameters Vmin against average Vmax along horizontal planes for
the four soils (Wilkinson, 2011)
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Figure 7.63: Strength anisotropy of t/s’ quantified by the coefficient of variation Cvar
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Chapter 8
Conclusions and recommendation
As highlighted in Chapter 1, London clay had been the main focus of geotechnical
experimental studies on UK stiff clays with limited knowledge on the behaviour of other
UK mudrocks. The work presented here was part of an Imperial College project that
aimed to improve our understanding of three older mudrocks: Oxford clay, Kimmeridge
clay and Gault clay. Following a previous project on London clay (Gasparre, 2006;
Nishimura, 2006; Anh-Minh, 2007), an integrated study of their geology, macro and
micro-structure and mechanical properties was performed by three PhD students: S.
Wilkinson, R. Hosseini Kamal and the Author.
A lack of information on the anisotropy of the clays was identified. It is known that
anisotropy, both in terms of strength and stiffness, greatly affects the soil behaviour
in engineering practice. While part of Hosseini Kamal (2012)’s work involved the ex-
perimental investigation of the anisotropic small strain elastic parameters by combining
static and dynamic techniques, a gap was still left concerning their shear strength ani-
sotropy. This background led to define the following objectives for this thesis:
1. Experimental study and characterization of the anisotropy of the three natural
mudrocks, in terms of both stiffness and strength with the help of two Hollow
Cylinder Apparatus (HCA).
2. Comparison of the behaviour of the three mudrocks, along with data on London
Clay from the Heathrow Terminal 5 project.
3. Investigation of the relationship between the mechanical and structural (both in
terms of macro and micro-structure) anisotropy.
4. Investigation of the possible links between geological factors such as age, deposi-
tional environments, stress history, etc. and the mechanical anisotropy.
This Chapter first re-summarizes the experimental methodology employed to attain
these objectives. A summary of the main findings is then presented before considering
possible topics for further research.
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8.1 Apparatus
The experimental program was carefully designed to achieve the first key objective. It
was demonstrated in Chapter 2 that the HCA is one of the most suitable apparatus
to study the stiffness and strength anisotropy of geo-materials. Although the HCA
presents problems of non-uniformities of stress and strain within the sample, those can
be alleviated by choosing appropriate sample geometry and stress paths. The later
should avoid the zones of high non-uniformities situated around (α = 0◦, b = 1) and
(α = 90◦, b = 0).
Two HCAs of different designs were used in this research:
Imperial College Resonant Column HCA (ICRCHCA) is equipped with semi-
local instrumentation for measuring shear strain and with a resonant column sys-
tem to measure the dynamic shear stiffness independently of the static one.
Mark II Imperial College HCA (ICHCA) is equipped with a full set of local
instruments for measuring axial, radial and shear strains.
Analyses of their performance in Chapter 4 proved them to be adequate for the testing
of the three mudrocks, in terms of loading capacity, accuracy of control and measure-
ment, and sample geometry. The only exception was the measurements of small strain
stiffnesses in the ICRCHCA, where the lack of local instrumentation may impair the
measurements of strains other than the shear ones. However, as Hosseini Kamal (2012)
investigated the small strain stiffness anisotropy of the material with advanced triax-
ial cells, this drawback was not considered of paramount importance to the Author’s
research, which concentrated on the strength anisotropy.
8.2 Material tested
High quality samples of each stiff clay were obtained from several sites in the UK Mid-
lands. The Author’s main focus was on testing samples from around 10 m depth.
Block samples of the oldest clay, Oxford clay, were retrieved south of Bedford. This
material from the late Jurassic is a very stiff brown organic (≈ 10 % content) shaly
clay from the Peterborough Member, with a high plasticity (PI ≈ 30 %). Its distinctive
feature is its highly bedded nature at the macro-scale, with a high density of shells which
are aligned with the bedding. It reflects the strong preferred orientation towards the
horizontal direction of the clay platy particles at the micro-scale (Wilkinson, 2011).
Rotary cores of the slightly younger Kimmeridge clay, also from the late Jurassic,
were obtained from a site near Steventon in Oxfordshire. The samples retrieved cor-
respond to a very stiff, slightly silty, very dark grey clay of similar plasticity index as
Oxford clay and with slightly lower organic content (≈ 5 %). In terms of macro struc-
ture, the soil presents numerous fissures at various orientations as well as some bedding
features, although not as dense as those observed in Oxford clay. Large shells are also a
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prominent feature. The material did not show strongly preferred particles orientations
at the micro-level (Wilkinson, 2011).
Finally, the Gault clay deposited during the Lower Cretaceous was studied, working
on rotary cored samples from the High Cross site, west of Cambridge. The material was
retrieved from the Upper Gault formation, a medium grey stiff clay of high plasticity
(PI ≈ 40 %) with negligible organic content but a high calcite one (≈ 30 %). At the
sampling horizon, the material is highly fissured at wide range of orientations. Between
the beginning and the end of the sampling horizon, the micro-structure varied between
strongly orientated particles to a material with almost no preferred orientation, so that
uncertainties remain concerning the micro-structure of the tested samples.
8.3 Methodology
The testing methodology was designed to allow comparison of the three clays, so an
identical set of tests was performed on each clay. It was aimed to reproduce in-situ
behaviour as close as possible. An horizon of about 10 m depth BGL was selected for all
soils to avoid the weathered zone close to the surface. Specimens were re-consolidated
to their estimated in-situ stresses. Difficulties were encountered in determining the
horizontal in-situ stresses, although three distinct methods were employed to do so:
reconstruction of stress history, direct suction measurements on the retrieved samples
and in-situ measurements. Due to excessive strains developing during re-consolidation,
a K0 of 1.8 was selected for all soils to represent their in-situ stress state.
A main set of six tests was performed on each soil: five tests were sheared a constant
b = 0.5 and constant direction of principal stress increment αdσ, chosen so that the
αf at failure spread between 0
◦ and 90◦, and one simple shear test. A few trial and
supplementary tests were also performed.
Sample quality was assessed using different criteria: water content, initial p’ (assumed
to be equivalent to the sample suction) and shear stiffness at in-situ stresses. The first
few Oxford clay specimens tested suffered from partial drying although this diminished
as the sample preparation techniques were gradually improved. On the other hand, the
highly fissured Gault clay specimens were most likely softened to some extent during
sampling due to infiltration of the drilling fluid during rotary coring. However, the
degrees of disturbance were found to be limited and the samples were generally of high
quality. Problems of leakage and air diffusion during testing were also encountered which
have affected the quality of a limited number of measurements.
8.4 Pre-failure behaviour
Although this study was principally designed to investigate the strength anisotropy
of the soil, the pre-failure behaviour was studied in Chapter 6, and compared with
Hosseini Kamal (2012)’s results from advanced triaxial tests with local instrumentation.
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The recorded intial ratios of EUv :E
U
h :Gzθ were found to agree broadly with the the
elastic parameters obtained from triaxial stress probes, even up to medium strain level,
long past the elastic limit (up to 1 − 3 = 5 · 10−2 %). However, the stiffness values
obtained from regression of the HCA data up to 5 · 10−3 % strain were surprisingly found
to be higher than the small strain elastic parameters determined from the triaxial tests
by Hosseini Kamal (2012).
The degradation curves of the undrained Young’s moduli for the tests sheared to-
wards αf = 67
◦ were observed to be consistently lower than for any other orientation.
Due to lack of accurate measurements at small strain in the ICRCHCA, it can not be
confirmed fully wherever the lower stiffness extends to the linear elastic range. It is also
possible that faster rates of stiffness degradation apply in this type of tests. Some pos-
sible reasons for this phenomenon were identified as: effects of the recent stress history,
non validity in the assumption of cross-anisotropic behaviour entailing coupling with
torsional shear straining mode, or the development of plastic strains is dependent on
the stress path direction, due to the closer proximity of the Y3 surface when shearing
towards ‘axial extension’. It is unresolved which of these options is the most likely.
The highly bedded Oxford clay exhibits the strongest degree of anisotropy, as clearly
illustrated in the shape of its strain contours in τzθ - (σz − σθ)/2 space. It also has
the highest ratio of EUh /E
U
v . On the other hand, Kimmeridge, Gault and London clay
appear to show similar level of anisotropy, both in their strain contour patterns and in
their stiffness ratios.
The initial part of the effective stress paths in (σz − σθ)/2 - p’ space are all inclined
showing gradients that fall in a narrow band for all for soils. The initial slopes are broadly
compatible with the elastic stiffness anisotropy obtained by Hosseini Kamal (2012) but
do not appear to be sensitive to the variations in stiffness anisotropy observed between
the clays.
The shear stiffness behaviour was also investigated, both from measurements during
monotonic shear and dynamic measurements with the resonant column system. The
Gvh0 values from RC were consistently about 20 % higher than their static torsional shear
counterparts. This may be the results of several phenomena, such as strain rate effects or
inaccuracies in the monotonic measurements due to system compliance. It is noteworthy
that the RC values agree well with the in-situ measurements from seismic CPT while the
monotonic data are on average closer to the values obtained by Hosseini Kamal (2012)
from bender elements in his triaxial cells.
The variation of Gvh0 from RC measurements with effective stress levels was also
investigated using the two following models based on Jamiolkowsk et al. (1995):
Gvh0 = Svh e
−1.3 σ
′n
v σ
′n
h (8.1a)
Gvh0 = Svh e
−1.3 p′np (8.1b)
The second equation was applied to the stages of the tests conducted under isotropic
stress states while the first included the more general stress states covered by the re-
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consolidation effective stress paths. Despite the limited stress ranges considered, the
np values found from the whole data set broadly agreed with the ones obtained by
Hosseini Kamal (2012) from his bender element tests: 0.58 (RC) compared with 0.45
(BE) for Oxford clay and around 0.5 in both cases with Gault clay. The n values
were also consistent, being about half of the np values for both soils. Unfortunately,
insufficient data was available for Kimmeridge clay to draw any conclusions.
8.5 Failure and post-failure behaviour
In the present thesis, ‘failure’ refers to the onset of strain localisation during shearing at
constant αdσ. The analysis of the failure and post-failure stages considered the behaviour
of the soil from this point onwards, focusing on the peak shear strength anisotropy of
the clay. The latter depends on the assumed model for soil behaviour. In this research,
two alternative models were used to express the anisotropy: that of a purely cohesive
material considering the Su value and that of a purely frictional material by considering
the peak stress ratio t/s’.
Pattern of strength anisotropy For Oxford, Gault and London clay, the strength
was at its lowest in the range of αf = 40− 70◦ for both models. In terms of Su values, the
strength was at its highest at αf = 90
◦ and had average values at αf = 0◦. This trend
partially resulted from the pre-failure anisotropy. The latter induced dilative behaviour
for tests going towards ‘axial extension’ and vice versa, resulting in the observed negative
gradient of the effective stress paths in (σz − σθ)/2 -p’ space. Consequently, the p’ at
peak increased with αf . As for the ratio t/s’, the reverse tendency was observed, with
higher shear strengths at αf = 0
◦ and average at 90◦.
Kimmeridge clay presented a different pattern with little anisotropy in terms of stress
ratio t/s’. Its anisotropy in terms of Su was shown to result solely from the pre-failure
anisotropy (with dp’/d[(σz − σθ)/2 ] 6= 0) and the variation in p’ at peak it induced.
This led to a monotonously increasing Su with αf .
Quantification of strength anisotropy The strength anisotropy of each soil was
quantified using several parameters including the ratios of maximum to minimum strength
and the coefficients of variation. The variation of strength with αf was also successfully
modelled using the failure criteria proposed by Pietruszczak & Mroz (2000, 2001) and
based on continuum mechanics. The model introduced strength anisotropy in existing
isotropic failure criteria by using a ‘structure’ tensor. The HCA results were fitted with
two effective stress failure criteria: Mohr-coulomb and Lade & Duncan (1975)’s crite-
ria. This offered another form of quantification that theoretically relates the observed
strength anisotropy to the structure anisotropy.
Oxford clay showed the highest degree of anisotropy in all of the above measures,
followed by the London clay, in terms of both Su and t/s’. As for the two remaining soils,
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their relative degrees of anisotropy varied with the model considered. In terms of t/s’,
the strength anisotropy of Kimmeridge clay was almost null while the Gault presented a
higher degree of anisotropy. As for Su values, the reverse was observed with Kimmeridge
showing a higher degree of anisotropy.
Relationship with macro-structure To analyse the relationship between the be-
haviour at failure and the observed macro-structure, it is important to consider the
particular stress state imposed in a HCA. The axis symmetry of the stress state means
that the stress ratio τ/σ′ varies on a given plane defined in a Cartesian space, as is
usually the case for natural discontinuities. In the HCA, this favours an early onset
of strain localisation, but does not permit the rapid development of shear bands along
natural discontinuities, unless the latter are horizontal. Instead, the HCA geometry and
boundary conditions encourage the formation of multiple shear bands. This led to the
absence of brittleness observed in the HCA for all soils, despite, for example, the marked
brittleness of Oxford clay apparent in the triaxial tests by Hosseini Kamal (2012). This
also may result in an over-estimation of the peak shear strength in the HCA in cases
where the stress conditions would have triggered failure along a non-horizontal plane of
weakness in a Cartesian space.
As it is difficult to quantify the orientation and effects of the macro-structure, a
qualitative analysis of the relationship between natural features such as discontinuities,
shell beds, etc. and the observed failure mechanism was carried out in Chapter 7. The
findings for the three soils tested are the following:
Oxford clay Oxford clay behaviour was found to be dominated by its highly
bedded nature. Tests at αf > 40
◦ failed along bedding planes. In particular, for
αf in between 40− 70◦, the failure mechanism was of one single shear plane along a
bedding feature, with high concentration of shear strain on this plane. The bedding
features are planes of weakness, leading to the lower strength at the αf range of
40− 70◦. Incidentally, the strength recorded on the bedding plane corresponded to
the post-rupture strength observed in triaxial cell by Hosseini Kamal (2012). For
Oxford clay, the αf= 0
◦ test constituted a special case as the strength was affected
by the minor principal stress σ′3 becoming tensile. The soil then failed in tension
instead of compression as would be expected for this αf . It is important to note
that a triaxial apparatus cannot apply negative effective stresses. As a results, for
shallow samples with high strength such as the Oxford clay, triaxial compression
tests may highly over-estimate the strength if tension would have been reached in
the field.
Kimmeridge clay Although a relatively high density of fissures was recorded at
various orientation in the clay, those did not appear to affect the behaviour strongly.
The response was principally ductile until the medium strain range, with the onset
of strain localisation occurring much later than for the other soils (around 1−3=
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3 %). By comparing the inclinations of shear bands and natural discontinuities, it
appears that the former spanned in between the planes of maximum effective stress
obliquity (whose orientation are influenced by αf ) and the natural discontinuities.
Two options may then explain the apparent lack of strength anisotropy of the clay
in terms of t/s’: either the discontinuities do not present a lower strength than the
soil matrix, or the large range of inclination encountered means that the strength
is globally lowered by the presence of discontinuities independently of the αf value.
Gault clay As with Kimmeridge clay, good consistency was observed between the
inclination of shear bands, natural discontinuities and planes of maximum effective
stress obliquity. Moreover, early onset of strain localisation was observed (around
1−3 = 1.5−2 %), often linked to the presence of natural discontinuities. However,
it is unsure which role the latter played at a later stage of shearing, and wherever
they influenced strength significantly. Based on the recorded strength anisotropy,
horizontal and sub-horizontal discontinuities appeared to also be weaker in the
Gault clay case.
Relationship with micro-structure Wilkinson (2011) analysed the anisotropy of
the micro-structure of the four clays using environmental SEM images. With the help
of image analysis techniques, he quantified the degree of preferred orientation of the
particles with respect to the horizontal: the higher the degree of anisotropy, the more
the clay particles are horizontally aligned.
The micro-structure of the Oxford clay showed strong particle alignment. Macro
and micro structure correlates in this case, both having clear horizontal orientation
that creates a weakness against shear in this direction. This explains the marked shear
strength anisotropy observed, with much lower strength at αf of 40− 70◦. On the
other hand, the samples of Kimmeridge clay tested by Wilkinson (2011) showed far
less preferred particle orientation. This is consistent with the observed lack of strength
anisotropy in terms of effective stress ratio t/s’. As for Gault clay, Wilkinson (2011)
obtained a strong degree of anisotropy at 7 m depth and very little at 13 m depth.
As the samples tested in the HCA came from an intermediate depth, uncertainties
remain regarding their micro-structure anisotropy and its possible link with the shear
strength trends. Finally, the youngest London clay presented a degree of micro-structure
anisotropy which was intermediate between Kimmeridge and Oxford clay.
Comparison of the parameters quantifying the micro-structure and strength aniso-
tropy showed relatively good correlation between the two: the stronger the degree of
particle alignment to the horizontal, the more marked the peak effective shear strength
anisotropy.
Synthesis on strength anisotropy It was shown that both the macro-structure and
micro-structure correlate well with the strength anisotropy. Unfortunately, the data is
too limited to determine if either of these two factors has a prevailing influence. However,
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both are highly dependent on numerous factors, such as the stresses, tectonic activities,
thermal and chemical conditions the soils have experienced during their history. For the
micro-structure, the conditions of deposition and the nature of the deposited particles
also impact on the final results. In this context, it appears that degree of shear strength
anisotropy is unlikely to correlate well with any one of those geological factors. In
particular, the degree of anisotropy did not correlate to age or maximum depth of burial
in this study. For example, London clay, which is the youngest and least deeply buried,
has one of the strongest degree of shear strength anisotropy.
Study of the literature has shown that the structure (macro and micro) of these
clay may vary substantially across the UK. Based on the previous observation, it can
be postulated that the strength anisotropy is also likely to fluctuate spatially for any of
these clays. As highlighted by Wilkinson (2011) in the case of Gault clay at High cross,
the structure may change with depth within a given formation. The degree of shear
strength anisotropy can be expected to vary correspondingly.
8.6 Future work
Several questions have been raised in this study which could only be answered through
further investigations:
Correlation between strength anisotropy and structure In the present study,
only four soils were compared, each taken at one specific site and depth. As highlighted
above, even for a given geological formation, the structure is likely to vary with depth
and location. It would be interesting to investigate further the relationship between
the mechanical and structural anisotropy by testing the same geological horizon from
different sites across the country, or by doing series of tests at various depths. For
example, investigating the strength anisotropy of the Gault clay from 6 and 13 m depth
at High Cross would probably improve our understanding of the effect of two vastly
different micro-structures (while having similar macro structure) on the shear strength
behaviour. It should be noted that the variation of shear strength anisotropy with
depth was investigated to some extent for the London clay Heathrow Terminal 5 project.
Indeed, profiles of Su or (q/p
′)peak were obtained from undrained triaxial compression
and extension tests along with simple shear tests performed with HCA (Nishimura, 2006;
Nishimura et al., 2007). These profiles suggested an increase of strength anisotropy with
depth (Nishimura et al., 2007), although as explained in this thesis, such profiles do not
separate the effects of α and b. They also gave limited information on the correlation
between structure and shear strength anisotropy.
In the present study, limited information was often available concerning the macro-
structure of the soils, especially in the cases where rotary cored samples were obtained.
It would have been interesting to develop a more detailed picture of the macro-structure.
Especially, a more precise and comprehensive list of the natural discontinuities, including
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strikes and dips of fissures, would help in understanding how the macro-structure affects
the strength anisotropy. This would require new boreholes with continuous sampling
and/or trial pits done purely for this purpose. Such records could allow quantification of
the macro-structure anisotropy, (as was undertaken at the micro scale), and comparison
with the shear strength anisotropy.
Effect of geological ageing Nishimura (2006) prepared reconstituted London clay
which he re-consolidated one-dimensionally to the same OCR as the natural samples. He
then sheared them in the HCA following the same testing procedure as for the natural
specimen. His work allowed limited comparison with the natural samples to examine
the effects of the geological ageing on the shear strength anisotropy. Performing sim-
ilar testing on reconstituted Oxford, Kimmeridge and Gault clay would advance this
research. Parallel studies of the resulting micro-structure of the reconstituted mate-
rial would extend the investigation of the correlation between structure and strength
anisotropy.
Influence of the b parameter All the Author’s shearing stages were performed at
b = 0.5, or close to this ratio under simple shear. While a tentative comparison was
made with the results of triaxial tests at b = 0, α = 0◦ and b = 1, α = 90◦, there is still
limited knowledge about the effects of the b parameter on the behaviour of those clays.
More tests are needed to investigate the variation of shear strength with b.
Weathering During the course of this research, weathered block samples of Gault
clay were retrieved. However, due to lack of time, the properties of those samples have
not been investigated in the HCA. It is possible that weathering, by its mechanical
and chemical action, modifies the shear strength anisotropy of the soil. This could be
investigated by HCA series conducted at different α values on the weathered material.
Effect of stress level The work presented in this thesis focused on studying the
behaviour from the in-situ stress state, which was set at a relative low stress range for
the Author’s test series. It would be interesting to investigate how the effective stress
level affects the shear strength anisotropy. To do so, natural specimen from a given
depth should be consolidated or swelled to a wider range of effective stress levels, before
being sheared at constant b and αdσ.
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Resonant Column Calibration
This appendix presents the calibration of the Resonant Column system (RC) of the Im-
perial College Resonant Column Apparatus (ICRCHCA). As highlighted in Chapter 4,
several parameters related to the properties of the ICRCHCA are necessary to interpret
the RC measurements. Firstly, the theory developed in Section 4.3 of Chapter 4 repre-
sents the ICRCHCA as a three Degree Of Freedom (DOF) system, composed of three
sub-systems: the active, reaction and passive masses. This model requires to determine
nine constants, three for each of the sub-system:
Three torsional stiffnesses Ka, Kp, Kr
Three second moments of inertia Ja, Jp, Jr
Three damping coefficients Ca, Cp, Cr or their corresponding damping ratios.
Secondly, the Hardin oscillator and the accelerometer must be calibrated to find the
relationship between their output voltage and the corresponding physical values, respec-
tively the moment T0 and the circumferential acceleration.
A.1 Calibration of the 3 DOF model
This section details the methodology employed to determine the nine constants required
by the 3 DOF model.
A.1.1 Properties of the active and reaction systems
In order to find the parameters Ka, Ja, Kr and Jr a new method was implemented. The
proposed method relies on modelling the top part of the apparatus as a two degree of
freedom system with two masses (the active and reaction masses) having second moments
of inertia Ja, Jr, two springs of torsional stiffness Ka, Kr and two dashpots with damping
Ca, Cr as shown in Figure A.1. Applying conservation of angular momentum to the two
masses gives:
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[
−ω2 + 2iDaωaω + ω2a −(ω2a + 2iDaωaω)
−(ω2a + 2iDaωaω) −αω2 + 2iDaωa(1 + δ)ω + (1 + β)ω2a
]{
Aa
Ar
}
=
{
T0
Ja
− T0Ja
}
(A.1)
where Aa and Ar are as defined in Section 4.3 of Chapter 4 and:
ωa =
√
Ka
Ja
, ωr =
√
Kr
Jr
(A.2a)
Da =
Ca
2Jaωa
, Dr =
Cr
2Jrωr
(A.2b)
α =
Jr
Ja
, β =
Kr
Ka
, δ =
Cr
Ca
(A.2c)
The natural frequencies of the system are the roots of the determinant of the matrix
in Equation A.1. If it is assumed that the damping Da and Dr are negligible, then the
natural frequencies of the system are equal to its resonant frequencies in forced mode.
This assumption is justified by the low values obtained for Da and Dr by Nishimura
(2006) and Ashmawy & Drnevich (1994) on similar apparatus (see below), and given in
Table A.1. The two resonant frequencies are then expressed as:
ω21 =
1 + α+ β +
√
(1 + α+ β)2 − 4αβ
2α
ωa (A.3a)
ω22 =
1 + α+ β −√(1 + α+ β)2 − 4αβ
2α
ωa (A.3b)
In a first step, the two resonant frequencies were recorded with the top part of the
apparatus in an identical set-up as during testing (see Figure 4.11 for reference), except
that no element connected the active system to the passive one.
However, as four unknowns are considered, two more equations were needed to re-
solve the system. The approach used to obtained those equations was similar to that
employed by Nishimura (2006) for a one degree of freedom model: a calibration mass of
known second moment of inertia Jcm was added to the active system (which was still
disconnected from the passive one). The calibration mass of about 0.6 kg was attached
to the bottom of the top cap (see Nishimura (2006) for further reference). In this second
case, the resonant frequencies can be calculated using Equation A.3a and A.3b replacing
Ja by Ja + Jcm. The system consists therefore of four unknowns and four equations. A
solution can be obtained by using the Newton-Raphson method.
Once these four parameters have been defined, the damping ratios Da and Dr are
then obtained using the magnification factors MMFa of the transfer function at the two
resonant frequency:
H =
AaJaω
2
T0
(A.4a)
MMFa = |H| (A.4b)
φa = arg(H) (A.4c)
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Parameters Units This study Nishimura Ashmawy & Porovic
(2006) Drnevich (1994) (1995)
Ja kgm
2 0.0012653 - 0.00122 -
J ′a kgm2 0.0013405 0.001532 - 0.00121
Ka Nm/rad 401 517 414 424.8
Da - 0.000602 0.002 0.0003 0.0021
Jr kgm
2 0.027 0.028 0.0283 -
Kr Nm/rad 3377 2824 2905.94 -
Dr - 0.015399 0.02 0.014 -
Jp kgm
2 - 0.025 0.02454 -
Kp Nm/rad - 58000 53775.55 -
Dp - - 0.02 0.021 -
Table A.1: Resonant column parameters obtained from calibration and comparison with
results from previous researchers (J ′a second moment of inertia of the active system
including the porous stone, Ja without porous stone)
The final parameters are presented in Table A.1 along with the parameters obtained
by previous researchers on the same apparatus (Porovic, 1995; Nishimura, 2006). The
parameters from Ashmawy & Drnevich (1994) also presented in Table A.1 correspond
to an apparatus of similar design as the ICRCHCA, but not identical. The parameters
obtained in the present study appear to be consistent with previous researches.
The theoretical transfer function is presented in Figure A.2 (with and without damp-
ing) along with some experimental measurements. Figure A.2 shows that as assumed,
dampings are sufficiently low that the resonant frequencies are not affected by it. More-
over, the model appears to fit fairly well the extra experimental measurements made at
non-resonant frequencies.
It should be noted that all the apparatus constants are likely to vary with frequency
and input voltage. The exceptions are the second moments of inertia J, which only
depend on the mass and geometry of the system. To account for the variation with
input voltage, all measurements were taken at several typical voltages used during soil
testing, and the corresponding parameters were averaged to obtain the values given in
Table A.1. It is more difficult to evaluate the variation of Ka, Kr, Da and Dr with
frequency, so uncertainties remain on this subject.
A.1.2 Properties of the passive system
An attempt was made to obtain Kp, Jp, Dp parameters using a similar approach as
detailed above. It involved studying the response of a system including the three degrees
of freedom (including reaction, active and passive systems) as modelled in Figure A.1.
In this case, the active and passive systems are connected with a calibration rod of
known properties. Unfortunately, it proved very difficult to determine two of the three
resonant frequencies in this configuration. This was probably due to their instability as
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shown by the theoretical transfer function in Figure A.3, which was calculated based on
the parameters obtained in this study for the active and reaction systems, and on the
parameters used by Nishimura (2006) for the passive system.
However, the properties of the passive system were determined by Nishimura (2006)
on the same apparatus based on the literature (Ashmawy & Drnevich, 1994) for the
parameters Jp and Dp and on monotonic measurements for Kp. Those values, given in
Table A.1, were the ones applied in the test analysis.
A.2 Calibration of the Hardin Oscillator and the
accelerometer
A.2.1 Accelerometer
The accelerometer is situated inside the Hardin oscillator and measures of the acceler-
ation of the active mass which is the same as that of the top of the sample if perfect
coupling is assumed. The following equation defines the Acceleration Calibration Factor
(ACF) (Nishimura, 2006):
r
∣∣∣∣d2θdt2
∣∣∣∣ = ACF Vacc (A.5)
where r is the distance between the accelerometer and the axis of rotation, and Vacc is
the voltage that can be expressed as either peak (P) or as root-means-square (RMS),
the two being linked by the following relationship:
1VP =
√
2VRMS (A.6)
The value of ACF can be chosen using the charge amplifier and was set at 1 g/Vp in
the present research. The voltage can also be related to the amplitude of the rotation,
that is to say the maximum angle |θ|z=H using the Rotation Calibration Factor (RCF).
The following equation defines the relationship between the two factors ACF and RCF
(Nishimura, 2006):
RCF =
1
r
ACF
(2pif)2
(A.7)
where f is the frequency. The values of ACF and RCF are given in Table A.2.
ACF Unit RCF Unit
9.807 m.s−2.V −1P 9.314 ×f−2 rad.V −1p
13.869 m.s−2.V −1RMS 13.173 ×f−2 rad.V −1RMS
Table A.2: Values of ACF and RCF in Volt peak (top) and RMS (bottom)
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A.2.2 Hardin oscillator
The Torque Calibration Factor (TCF), which links the input voltage and the torque,
can be obtained by using the conservation of angular momentum. Considering the two
degree of freedom system comprising of the active and reaction mass, this leads to:[
ω2a − ω2 −ω2a
−ω2a −αω2 + (1 + β)ω2a
]{
Aa
Ar
}
=
{
T0
Ja
− T0Ja
}
(A.8)
where all the parameters are as defined in Section A.1 above.
The damping of the active and reaction mass are low (see Section A.1) and have be
neglected in the above equation. The equation for TCF is derived from Equation A.8,
assuming the excitation frequency is different from the resonant one:
TCF = −Ka RCF Vacc
Vtor
αω4 − (1 + α+ β)ω2 + β
αω2 − β (A.9)
Ashmawy & Drnevich (1994) and Nishimura (2006) observed that TCF varied with
excitation frequency and input voltage (e.g. strain level). This was investigated by
varying both parameters and computing TCF in each case.
The frequency covered a range of 60− 120 Hz (about 0.7 to 1.3 times fa). The
TCF values were found to be fairly independent of the frequency over this range (with
a coefficient of variation of about 5 % for a given input voltage). This is shown in
Figure A.4 which presents the variation of TCF values with Vtor.
However, the TCF values were found to vary with the voltage input. As shown on
Figure A.4, the variation can be fitted by the following polynomial function of the second
degree:
TCF = 0.004332016 + 0.001983853Vtor − 0.0005153444 ∗ V 2tor (A.10)
For reference, the polynomial fit obtained by Nishimura (2006) on the same apparatus
is also plotted in Figure A.4, showing good agreement between the two.
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(a) Two DOF (b) Three DOF
Figure A.1: Models used for the calibration of the resonant column constant: the two
DOF corresponds to the vibration of the top part of the apparatus, with nothing at-
tached, while the three DOF is used with a calibration rod connecting top and bottom.
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Figure A.2: Theoretical transfer function for the two DOF model, with and without
damping being taken into account. Experimental measurements are also presented.
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Figure A.3: Theoretical transfer function for the three DOF model when the calibration
rod is used, with and without damping being taken into account.
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